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PREFACE 


This volume is one of a series designed to provide the engineer and 
the student with a reference work covering thoroughly the design and 
construction of the principal kinds and types of modern civil engineering 
structures. An effort has been made to give such a complete treatment 
of the elementary theory that the books may also be used for home 
study. 

The titles of the six volumes comprising this series are as follows: 
Foundations, Abutments and Footings 
Structural Members and Connections 
Stresses in Framed Structures ^ 

Steel and Timber Structures 
Reinforced Concrete and Masonry Structures 
Movable and Long-span Steel Bridges 
Each volume is a unit in itself, as references are not made from one 
volume to another by section and article numbers. This arrangement 
allows the use of any one of the volumes as a text in schools and colleges 
without the use of any of the other volumes. 

Data and details have been collected from many sources and credit 
is given in the body of the books for all material so obtained. A few 
chapters, however, throughout the six volumes have been taken without 
special mention, and with but few changes, from Hool and Johnson^s 
Handbook of Building Construction. 

The Editors-in-Chief wish to express their appreciation of the spirit 
of* cooperation shown by the Associate Editors and the Publishers. This 
spirit of cooperation has made the task of the Editors-in-Chief one of 
pleasure and satisfaction. 

G. A. H. 

W, S. K. 

Madison, Wis. 

September, 1923 . 
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MOVABLE AND LONG-SPAN 
STEEL BRIDGES 

SECTION 1 

BASCULE BRIDGES 

By C. B. McCullough and Phil A. Franklin 

DESIGNS AND TYPES OF BASCULE BRIDGES 
By C. B, McCullough 

1. Early Types . — The earliest type of bascule construction doubtless 
consisted of a simple span, trunnioned or hinged at one end, moving in a 
vertical plane, about such trunnion, by virtue of an out-haul line attached 
to the free end and running upward and inward to the source of power. 
The genealogy of this type may be traced back to an origin in the medie- 
val drawbridge used to carry traffic over artificial military waterways. 
These types and the earlier modern types were not counterweighted to 
any extent and their field of utility was, therefore, quite restricted. 

A few bascule bridges were constructed in Europe during the first 
half of the nineteenth century, but no very great attempt was made to 
develop the art. The real beginning of development for the modern 
bascule bridge may be said to date back about 29 years. 

The Van Buren Street Bridge in the city of Chicago, a Scherzer 
rolling bascule, plans for which were completed in 1893, and the famous 
tower bridge in London, a roller bearing, trunnion bascule constructed 
about the same time may be regarded as the fore-runners of the modern 
bascule span. 

2. Advantages Inherent in the Bascule Type. — The development of 
the bascule bridge has been rapid because of its many advantages, among 
which may be mentioned the following: 

2a. Rapidity of Operation. — The bascule may be raised 
slightly to permit the passage of numerous small boats which fail to clear 
the closed span by a small margin, the time for such operation being of 
course proportionally less than full opening time. The swing span, on 
the other hand, requires a full 90-deg. opening for each vessel regardless of 
vertical clearance. The degree to which this difference in method of 

1 
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operation may influence the selection, or dictate the relative economy 
depends of course on traflB.c conditions. For high-masted schooner 
traflSc on the waterway, and for high grade-line locations the disadvantage 
of the swing type is not so apparent. Where there is a large traflBic in 
small boats, on the other hand, the necessary frequent complete swing 
openings may simply put the swing span out of the competition regardless 
of cost consideration. Especially is this true where the clearance line 
for the bridge must lie close to the water surface. 

26. Interference with Channel during Operation. — The 
swing span blocks the channel during operation and, in localities where 
docking facilities must be maintained close to the sides of the bridge, it 
often times becomes impossible to obtain the requisite room for the 
horizontal swing. This is more often the case in narrow waterways where 
the movable span constitutes practically all of the stream crossing. 

2c. Duration of Opening.^ — ^For the bascule type, river traffic 
will approach within a comparatively short distance of the bridge struc- 
ture, while, for the swing span, craft must stand off much farther on 
account of the greater difficulty in negotiating the channel and swinging 
around the draw rest. For congested river traflic the difference in time 
resulting from the above operation factor is truly surprising. Concerning 
this feature, F. A. Rapp, Bridge Engineer for the City of Seattle, makes 
the following comment: 

It seems to me that the time consumed in the actual opening and closing of the 
bridge is of secondary importance. The average time consumed in opening and 
closing the motor-operated bridges of the city at Salmon Bay and the West Waterway 
at Spokane Street is about 12 min. The actual time of making the swing is less than 
a minute ^ that the actual time of moving is a relatively small amount of the time the 
bridge is out of commission. The fact is, that the vessel signals for the draw while 
some distance away and while moving at a speed slow enough to negotiate the passage 
of the bridge without accident. The time consumed in holding the bridge open 
therefore while the boat passes through is the big item. 

Whatever we can do to diminish the time the bridge is held open will be most 
effective in reducing the delay to road traffic. I have waited at the city waterway 
bridge in Tacoma for 35 min. while a Standard Oil tank vessel was passing the draw. 
The operator could have opened and closed the bridge a half-dozen times but was 
forced to open when signalled and keep open until the vessel had cleared. Of course, 
this is a rare occasion but serves to illustrate the point. 

In my opinion a wide clear channel between masonry piers will inspire confidence 
in the navigator and so induce him to go through at increased speed. 

I believe that as between a bascule or vertical lift and a swing bridge, for the same 
clear width of channel, the navigator will prefer the former types on account of their 
symmetrical position across the stream, 

2d. Pier Considerations. — ^The swing span necessitates the 
use of a large pivot pier in the center of the stream. For certain locations 
the presence of this pivot pier operates to deflect the current toward the 
sides of the stream with consequent destructive erosive action at the 
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banks or quay walls. For such locations the swing span is eliminated 
from consideration at the outset. 

The draw rest for the swing type constitutes another serious obstruc- 
tion to the channel as well as an added menace to river traffic. The 
dictates of economy usually require such construction to be of timber, 
thus introducing an added maintenance cost. It is true that as against 
this portion of the structure there must be considered the matter of 
maintenance of the fenders on the bascule piers. However, in nearly 
every case the first cost and maintenance charge on the latter is much less 
than in the case of the swing span draw rest. Moreover, in many cases 
vessels are compelled to deviate from their natural course in order to 
pass around the pivot pier and draw rest. The openings being narrow 
and the movement of these craft naturally slow, this condition operates 
to greatly lengthen the time during which the span must remain open. 

2e. Adaptability to Wide Roadways. — Considerations of 
stability limit the width which the swing span may overhang the pivot 



Fig. 1. — ^Four single track swing spans constructed from time to time to carry additional rail- 
road trackage. 


pier when open. This fact puts a fixed relationship between the width 
of the roadway and the dimensions of the pivot pier. For wide roadways, 
therefore, it is neither economical nor feasible from the standpoint of 
channel obstruction to build a pivot pier of the dimensions necessary to 
properly carry the span.^ 

Many single track railway swing bridges have become obsolete long 
before they were worn out, owing to the tremendous growth of traffic. 
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particularly in cities and terminals. The addition of a second track 
necessitates the removal of the existing bridge. If a double track bridge 
is constructed to replace the above, increased trafiSc requiring a third 
track installation will require the discarding of this bridge also, and so on. 

Unless this method of procedure is adopted, individual spans as shown 
in Fig. 1 must be built because of the horizontal swing room required for 
the draw span. This method results in objectionable curved tracks 
widely spread, extra right of way, the necessity for additional bridge 
operators, an obstructed and diflScult channel, retarded railroad traffic, 
and an increased hazard to all parties concerned. 



{^Courtesy of the Sckerser Balling Lift Bridge Co.) 
Fig. 2. — Six track rolling bascule bridge. 

Bascule spans may be arranged in the manner shown above to operate singly, in pairs, or as a 
unit as desired. Any number of spans may be added as trafl&c demands increase. This fact alone 
constitutes a big advantage over the swing span which must be arranged as shown in Fig. 1 if addi- 
tional trackage is desired. 


Contrasting this with the condition shown in Fig. 2, wherein six tracks 
are carried over three independently operated bascule spans, the advan- 
tage of the latter type is at once apparent. These spans may be arranged 
to operate singly, in pairs, or in a group as desired and any number of 
tracks may be provided by adding other spans. 

2/. Safety to Land TraflSc. — Railway traffic over any 
movable bridge is generally protected by means of automatic, interlocked 
derailing switches, block signals, etc. For highway traffic, on the other 
hand, the only protection afforded is that of the roadway gates. Most 
types of double leaf bascules may be so arranged that the open leaf acts 
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as an effectual barricade augmenting the roadway gates in this regard. 
Where such types may be employed, the barrier afforded by the raised 
leaves constitutes a very great advantage over the swing span. One of 
the greatest problems confronting engineers today is the safeguarding 
of highway traffic and in this regard the swing span cannot compete with 
the double leaf bascule. 

2g. Effect of Collisions with River Craft. — Not enough data 
is at hand to warrant a general conclusion, but it seems to be generally 
conceded that river traffic may do considerably more damage through a 
collision with the open end of a swing span, thus crumpling up the span 
and draw rest, than would be possible in the case of a bascule. 

2A. Bascule vs. Vertical Lift. — The advantages of the bascule 
type over the ordinary swing span, as enumerated above, also apply with 
respect to the vertical lift type, the choice between the bascule and 
vertical lift being largely a matter of esthetics and economics of first 
cost, maintenance, and operation. 

It would seem that as regards the matter of protection to traffic the 
double leaf bascule, in certain of its types, possesses a distinct point of 
superiority over the vertical lift type. By locating the break in the 
roadway floor ahead of a vertical plane passed through the axis of the 
trunnion, the leaf of the deck trunnion bascule for example, forms a 
traffic barrier from the instant that it begins to lift. 

This barrier is continuous during the entire operation of opening and 
closing and until the bridge is again fully closed and seated. A traffic 
barrier of this kind in connection with a vei'tical lift span could only 
operate at the latter end of the lift and in tlie event of the span being 
lifted to less than its full height (which would constitute the case in the 
majority of openings) such traffic barrier would not bo effetitive. 

The relative economy of the bascule as compared with the vertical 
lift is a question involving many conditions and one which warrants 
individual study. In general the vertical lift shows to maximum advan- 
tage for long spans and low lifts, that is, in localities where only a limited 
vertical clearance is required. 

3. Relative Economy of the Bascule Type.— The relative economy in 
first cost of the bascule type as against the swing span is a matter involv- 
ing many factors and a problem which must bo determined in each indi- 
vidual case (assuming that traffic and other conditions as outlined in 
Art. 2 have not already eliminated the swing typo from consideration). 
The comparative study outlined below was made in the writer’s office 
during the summer of 1920 and may prove illuminating in so far as genera! 
principles are concerned. 

Type A, in the table, is an ordinary rim bearing swing span (highway 
loadings) providing a clear channel, on either side of the pivot pier, of 
100 ft. 
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Type B is an alternate design for a single leaf bascule span. This 
design affords the same clear waterway and is used in combination with 
a 100-ft. fixed pony truss span. 

Comparative Estimates op Superstructure Only 


Type A, swing span 


Type B, bascule 


Item 

. 

Quantity 

Rate 

Amount 

Quantity 

Rate 

Amount 

structural steel 

309,000 Ib. 

10c. 

$30,900.00 

291,000 1b. 

10c. 

$29,100.00 

Machinery 

34,700 lb. 

35c. 

12,145.00 

33,500 1b. 

35c. 

11,725.00 

Floor and handrail 

(Lump sum) 


2,050.00 



2.000.00 

Draw rest 

(Lump sum) 


1,850.00 




Concrete 

(Counterweight) 



145 cu. yd. 

$20 

2,900.00 

Reinforcing steel 

(Counterweight) 



3,000 lb. 

7c. 

210.00 

Pender piling 




600.00 

Operator’s house 

(Lump sum) 


1,500.00' 



1,500.00 

Gasoline power plajit 



2,500.00i 



2,500.00 

Total 



50,945.00 



50,535.00 

Royalty charge 

(5 per cent assumed) 

„ 




2,526.75 

Grand total 

i 

50,945.00 

! " ' 

* 

53,061.75 


A cost comparison based on 1920 unit prices is given in the table con- 
cerning which the following may be said : 

The difference in cost for the structural steel portion is in favor of the 
bascule type. (This result is to be expected in view of the fact that 
both leaves of the swing span act as cantilevers under dead load while 
in the bascule type there is but one such span.) The swing span is 
longer than the combined bascule and fixed span of Type B but this 
fact is to a certain extent offset by the metal required for counterweight 
frames and arms. On the other hand, the cost of the bascule counter- 
weight more than offsets the cost of the draw rest for Type A. 

All things considered the superstructure cost appears slightly less 
for the swing span. 

Had it been possible to eliminate the fixed span and run trestle con- 
struction up to the bascule pier, Type B would have shown economy over 
the swing span. 

As between the various commercial types of bascule bridges it may 
be said in general that each has its peculiar advantages, and will doubt- 
less show economy either in first cost or cost of operation under certain 
conditions. The subject of comparison between types is too lengthy 
and involved for treatment at this point. 

The following quoted from Samuel Murray, Chief Engineer of the 
Oregon-Washington Railroad and Navigation Company is of interest 
as throwing further light on this subject. It will be observed that Mr. 
Murray's conclusions are not in perfect agreement with those stated 
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above, owing perhaps to the fact that his results are deduced from a 
consideration of railway bridges, while the above comparison is based on 
highway loadings. It is also observed that Mr. Murray's comparisons 
are based on a slightly larger opening for the bascule span than for the 
swing type which is giving the swing span a distinct advantage. 

Where average conditions obtain, that is, where traflSc is moderate, fairly high 
masts must be provided for, openings of 100 ft. or more are required, foundations are 
ordinary and no obstructions exist to interfere with swinging — ^the swing span is the 
cheapest structure that can be built and its reliability has been proven by the number- 
less examples in service. ^ 

A bascule suitable for a 180-ft. opening has an overall dimension of about 220 ft. 
on centers, and will require about 640 tons of steel for E-55 loading. A swing span 
335 ft. long and suitable for two 150-ft. openings will require 630 tons under the same 
specifications. Both have three piers; and if we consider the concrete counterweight 
of the bascule, it will more than make up the difference due to the large pivot pier. 
The royalty of the patentee may be balanced against the cost of the draw-pier protec- 
tion. The swing span is longer than the bascule, however, and we must make up this 
length with another pier and a 115-ft. span. The cost of these will be about the differ- 
ence between the bascule and the swing span. This is a rough comparison, but it is 
confirmed by experience with many similar cases. 

Where double-tracking is necessary, or wide roadways required, where the area used 
in swinging is needed for other purposes and the center pier protection interferes too 
greatly with river trafiSc to allow its use, the bascule or vertical lift should be used. 

Bascule bridges can be built for most lengths of span that are necessary, and we 
hesitate to place a limit on their possible length; however, for single leaves, it is less 
than that of the vertical lift. 

The trunnion bridge is cheaper than the vertical lift for locations where tall masted 
traffic must be provided for, easier to erect under traffic and less affected by settle- 
ment, and maintenance on cables is likely to be a large item. 

For low lifts of any length the vertical lift is the cheaper structure of the two, and 
has a special advantage for short spans over canals and other narrow waterways, and 
for longer spans where the adjacent spans are through structures. 

In congested locations, the time of opening becomes important. The swing span 
usually requires from 1 to 2 min. to open it and the same time to close it and 
it must often remain stationary until the boat has gotten out of the swinging circle so 
that it is conservative to say that a delay of at least 5 min. will ensue. 

The bascules and vertical lifts require from % to 1 min. to open fully and they can 
close in the same time. Of the two the vertical hft is probably a little quicker for 
small traffic and slower for the full openings required for large vessels. It is the more 
likely to get out of commission and entirely stop traffic. It should be observed that 
small boats are largely in the majority and that, if plenty of head-room is provided, a 
bridge will have to be opened only for the larger vessels. It is often justifiable on 
this basis to choose a slightly higher level notwithstanding the additional cost and 
inconvenience of the approaches on a grade. 

F. A. Rapp, Bridge Engineer for the City of Seattle, has the following 
to say in regard to movable bridges in general: 

My opinion is that the most important item to be considered in any type of mov- 
able bridge is the maintenance cost. The interest on bonds will be a constantly 
decreasing charge whereas the cost of repairs is a constantly increasing one. If this is 
initially high, it can soon overcome any reasonable difference in the first cost. 
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Bearing on this point, I submit some figures for maintenance of movable bridges 
obtained from the Mayor of Chicago’s annual reports. 


Table op Costs op Rbpajks op All Kinds op Movable Bridges 
Abstracts from the Annual Reports of the Mayor of Chicago 
Rolling Lift 


Year 

Number of 
openings 

Total 

repairs 

Number of 
bridges 

Average per 
bridge 

1 

Average per 
operation 

1905 

3,941 

24,475 

5 

$4,895.00 

$1.24 

1906 

3,512 

35,049 

8 

4,381.00 

1.24 

1909 

3,431 

43,841 

11 

3,985.00 

1.16 

1910 

3,547 

40,971 

13 

3,151.00 

0.89 

1911 

3,166 

56,274 

10 

5,627.00 

1.78 


Trunnion Bascule 


1905 

1,190 

8,582 

5 

1,716.00 

1.44 

1906 

1,175 

10,793 

5 

2,158.00 

1.84 

1909 

1,925 

8,937 

7 

1,277.00 

0.66 

1910 

1.757 

18,613 

7 

2,659.00 

1.50 

1911 

1,940 

22,195 

9 

2,466.00 

1.27 


Page Bascule 


1905 

1,577 

3,737 

1 

3,737.00 

2.37 

1906 

1,427 

4,832 

1 

4,832.00 

3.38 

1909 

2,880 

5,987 

1 

5,897.00 

2.04 

1910 

2,588 

13,129 

1 

13,139.00 

3.35 

1911 

1,903 

6,352 

1 

6,352.00 

3.34 


Vertical Lift 


1906 

2,983 

6,427 

1 

6,427.00 

2.15 

1909 

3,468 

7,122 

1 

7,122.00 

2.06 

1910 

3,192 

1,147 

1 

1,147.00 

1.97 

1911 

2,919 

5,769 

1 

5,769.00 

1.98 


Many other special instances may be cited and certain tentative rules 
and formulas may be worked out. In fact, certain curves and published 
data tending to indicate the relative first cost and operating economy for 
various types of movable spans are already available. The problem, 
however, is so highly involved and so extremely individual that such 
data is often misleading. For this reason the foregoing, which is merely 
typical and illustrative of the problem involved, is perhaps as far as this 
discussion should go. 

4. Cable Lift Bascules. — The cable lift type, illustrated in Fig. 3, 
constitutes the earliest and most primitive of the bascules and has been 






Sec. 1—4] 


BASCULE BRIDGES 


9 


largely abandoned in favor of the more modern and costly types. For 
many localities, however — such, for example, as along sections of the 
Pacific Coast — ^this type still retains a field of usefulness, and will con- 
tinue to be used for temporary structures and on secondary and lateral 
roads for many years to come. Local conditions which will render this 
type of merit may be enumerated as follows: 

(1) The presence of a plentiful timber supply rendering timber con- 
struction very cheap. 



Fig. 3. — John Day River Bridge, Clatsop County, Oregon. Cable bascule span with soctiona 
counterweight. (Span partly open.) 

The span is lifted by means of the outhaul cable A which runs over the idler located in the tower 
O and thence down to the winding drum D. Keyed to this same shaft is the counterweight drum on 
which is wound the cable B running up over an idler at 0 and down to the sectional counterweights C 
E is the guide frame for the sliding counterweights, F is the hinge or trunnion. Power is applied to 
the shaft, which carries the drums, at Z) by means of a capstan lever through the roadway floor to a 
worm and worm gear not visible in the photograph. 


(2) An excessive haul for structural metal from the nearest railhead 
as contrasted with a close proximity of structural timber. 

(3) The presence of numerous small streams, inlets and sloughs 
which have been declared navigable and which must be kept open for 
government snag boats and small fishing craft. 

(4) The fact that the necessity for opening is very infrequent and 
that man power from the boat crew is always available when the spans 
need to be opened. 

(5) The lack of adequate finances to meet the cost of more modern 
construction. 
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Figure 4 illustrates the general features of a cable lift bascule span 
such as has just been described. 

At the beginning of the lift the torque of resistance is given by the 

Wd 

term Wa and the stress in the outhaul cable is equal to — ; at any 

c 

other position — such, for example, as shown dotted — the resistance 

Wa' 

torque is Wa' and the outhaul cable stress — r* It is thus seen that the 

c 

cable stress is a constantly decreasing quantity and a simple arrangement 
of counterweights to keep the span in constant balance is the principal 
mechanical problem involved. It may seem at first thought that the 
constant balance is a needles refinement for the rough type of construction 



Fig. 4. 


involved. Such, however, is not the case owing to the fact that man 
power must, in nearly every case, be employed and the crew from the 
small fishing boats is sometimes limited to two or three men. Moreover, 
these spans even though very short, are comparatively heavy and the 
lifting machinery receives scant attention, so that even after gearing 
down to the maximum permissible opening time (generally from 10 to 20 
min.) the tangential force at the capstan bar or lever arm is relatively 
large. It seems, therefore, essential that the load be balanced so that 
only friction, inertia, and wind resistances need be overcome. 

There are several methods used to effect this balance some of which 
may warrant a brief discussion. 

4a. Spiral Counterweight Drums. — Figure 5 shows an 
arrangement sometimes used and originating, as far as the writer knows, 
with Mr. Murray, This consists of one cylindrical and also one spiral 
drum, both keyed to the same shaft. The counterweight cable winds up 
on the cylindrical drum while the counterweight unwinds from the spiral 

W'r2 

drum. The stress in the counterweight cable is thus seen to be • 
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A better arrangement would be to run the outhaul cable over an idler 
and down to a cylindrical drum, keyed on to the operating shaft, as shown 
in Fig. 6. The spiral counterweight drum is keyed to this same shaft 



Fig. 7. — John Day River Bridge, Clatsop County, Oregon. Cable bascule span with sec- 
tional counterweights. (Span closed, see also Fig. 3.) 

and runs up over another idler and down to the counterweight. By 
regulating the taper of the spiral drum so that [^TF'r 2 — ® 

at every point, a theoretical balance in every position would obtain. 



Fig. 8. 


This latter arrangement also precludes the possibility of the span 
slamming shut as would be probable for the type shown in Fig. 5, inasmuch 
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as this type, being undercounterweighted, must be lowered by means of a 
band brake. 

46. Sectional Counterweights. — Figures 3 and 7 illustrate 
a movable span of this type. As the span rises, the outhaul cable 
TTa' 

tension, , decreases and the counterweights seat one by one decreas- 
c 

ing the stress in the counterweight cable proportionally. The outhaul 
cable A runs over a fixed sheave in the top of the tower G and thence 
down to the operating shaft. The counterweight cable drum is keyed 
on to this same shaft D and the counterweight cable B runs up over 
another sheave in the top of the tower and down to the counterweights 
C which slide in fixed leads E bolted to the sides of the bridge (see Pig. 3). 



Figure 8 shows the relationship existing between the stresses in the 
outhaul and counterweight lines at various points of opening. The 
span is alternately over- and underbalanced during its travel and this fact 
constitutes the main objection to this method of operation. It is really 
surprising how apparent are these changes in balance to the man at the 
end of the capstan bar. 

4c. Curved Track and Rolling Counterweight. — diagram- 
matic sketch of a span of this type is shown in Fig. 9. 

The contour of the curved track may be determined from the following 
considerations and formulas. 

(а) Since for balanced action the work expended in raising the leaf 
must equal the energy released by the falling counterweight, we have 

Wa = W'd 

(б) If Te represents the tension in the outhaul cable and Tw' represents 
the tension in the counterweight cable, and if dsc and Bs'w represent 
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respectively the infinitely small movements of these two cables, then at 
any instant 

HTcibSc) = y2TJ {bsj) 


or 



If the outhaiil cable winds up on a drum of radius r and the counter- 
weight cable unwinds on a drum of radius r' keyed to the same shaft, then 
for equilibrium 

TcT = 


Then 

or, integrating 

For the fully closed position of the leaf, the length of the outhaul cable 
is given by the formula 

c = Vl" + 52 


T t' 

- (a constant = K) 

1 to ^ 


5 Si 


f - 1 . 


hSc{K) 


sj = S,{K) 


For any angular opening of & degrees 

C = V(L cos BY + {B -L sin OY 

Whence for the angular opening d 

Sc = C - C' 
sj = Ksc 

a = jB(sin (0 + 0) — sin 0). (see Fig. 9) 



To plot the contour of the curved path taken by the counterweight 
therefore, proceed as follows: 

About the idler pulley P swing an arc of radius (sw,' + b) (see Fig. 9). 
This arc will intersect a horizontal line whose vertical distance below the 
center of the counterweight at the '^closed point is equal to d, in a 
certain point m. In this manner any number of points may be located 
and the curve, taken by the center of the moving counterweight, sketched 
in. 

The disadvantage of this type lies in the excessive amount of material 
required to construct the curved track and the difficulty in maintaining 
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the same. It is, however, a smoother operating device than the sectional 
counterweight arrangement shown in Figs. 3 and 7. 

5. Roller Lift Bascules. — The principal commercial examples of this 
type of construction are the Scherzer and the Rail types, the former put 
out by the Scherzer Rolling Lift Bridge Company and the latter under 
patents controlled by the Strobel Steel Construction Company. 

Figure 10 illustrates the general features of the Scherzer bridge, the 
diagram being of a single leaf bascule. The center of gravity of the 
combined span, counterweight, and counterweight arm is located at 
point 0. About this point is described a quadrant Q which rolls back- 
ward over a horizontal quadrant track resting on the pier. The center 




(^Courtesy of the Scherzer Bolling Lift Bridge Co.) 

Fig. 11. — ^Typical Scherzer installation — 
showing counterweight, segmental and track 
plate castings, and fixed rack method of 
operation. 


of gravity O moves backward in a horizontal line a distance d, where d = 

(r being the quadrant radius and 6 the angle of opening). Power 

may be applied through a pinion P rigidly connected to the pier or 
approach span and engaging a rack R fastened to the moving leaf at or 
near the point 0. As the span opens and recedes, the counterweight, 
for deck structures, lowers into a pit provided for the same. For water 
surface conditions, such as shown in Fig. 10, a watertight counterweight 
pit must be provided and the pier designed as a unit. For locations 
sufiS-ciently above high water to permit of such construction, the heavy 
pier may be replaced by two smaller piers, A and P, and the quadrant 
track supported on horizontal girders spanning these piers. This latter 
arrangement is much less expensive and also relieves the foundations of 
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much of the churning or rocking action due to the rolling dead load on the 
unit pier. For through structures the center of the quadrant is generally 
placed sufficiently high to eliminate the necessity for a pit. 



{Courtesy of the Schere&r RoUing Lift Bridge Co.) 
Fig. 12. — Scherzer rolling lift span at Grand Central Station, Chicago, 111. 



Fig. 13. — Hall type bascule bridge (deck girder span). 


For single leaf structures the forward pier is designed in the same 
manner as for any fixed span. For the double leaf type two abutment 
piers are needed as well as a device for locking the leaves when they are 
fully closed. Single leaf spans act as simple spans under live load while 
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double leaf spans are generally designed to act as cantilevers or partial 
cantilevers. This point is fully discussed elsewhere. 

Figures 13 and 14 illustrate the principal features of the Rail typ^of 
bascule bridge, these drawings being developed from certain advertising 




{Courtesy of the Sbrobel Steel Construction Co.) 
Fig. 15. — Rail tjrpe bascule span in operation, Broadway Bridge, Portland, Ore. 


matter put out by the Strobel Steel Construction Company who control 
the Rail patents. 

The span is op)erated by the pinion P which engages a rack fixed to 
the operating strut E, this operating strut being maintained in align- 
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ment by the carriage frame F. In the closed position the moving span 
bears on pin A, the roller R being raised slightly off the track girder. 
Thus the load is carried direct through pin A to the masonry. As the 



{Courtesy of the Strohel Steel Construction Co,) 

— ^Architectural possibilities in deck bascule construction. Rail type bascule span, 
Hanover Street, Baltimore, Maryland. 



{Courtesy of the Strohel Steel Construction Co.) 

Fig. 17. — ^View showing rollers, track, etc. on Rail type bascule span, Broadway Bridge 

Portland, Ore. 


bridge is opened, the span first revolves about pin A as a center until the 
main roller R comes to bearing with the track girder jT. The span then 
rolls backward along this track girder, the swing strut C causing the 
connection D to describe a circle with center A and radius AD, This 
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swing strut thus operates to tip the leaf while the roller R causes it to 
recede. 

The center of gravity of the leaf and counterweight is located at the 
center of the roller i?. 

The distinctive feature of this type consists in the combined rolling 
and trunnion motion. The roller iS, being free in the fully closed posi- 



(jCourteay of Strobel Steel Construction Co.) 

Fig. is. — Close view of roller and track, Rail bascule on Broadway, Portland, Oregon. 


tion, may be replaced without difficulty. The retreating movement also 
provides additional clear opening for navigation. The foundations, 
however, are under a shifting load pressure as in the case of the Scherzer 
type, but where the design is properly proportioned this latter condition 
is not at all serious. 

6. Tr unni on Type Bascules. — ^The most commonly used bridges 
falling under this classification are (1) the Simple Trunnion or Chicago” 
type, and (2) the Multiple Trunnion type (Strauss type). 
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6a. Simple Trunnion or .‘^Chicago*’ Type. — ^Figure 19 illus- 
trates the simple trunnion principle as applied to a double leaf deck 
bascule. The entire weight of leaf and counterweight during the opera- 
opening is carried by the trunnions T located approximately at 
the center of gravity of the mass. These main .trunnions are carried in 
trunnion bearings which in turn are supported directly or indirectly on 
the masonry of the pier. Figure 19 illustrates a type wherein the trun- 
nion bearings are supported on transverse trunnion girders which in turn 
are carried by the masonry of the piers. It is also common practice, 
however, to employ vertical posts or towers underneath the trunnion bear- 
ings, thus eliminating the necessity for a transverse girder. The use of 
longitudinal girders on either side of the trunnion and parallel thereto is 



Fig. 19. — Simple trunnion double leaf bascule bridge. 

The design here shown employs a transverse girder extending through the truss to support the 
trunnion bearings. This method of support may be replaced by longitudinal girders parallel to the 
truss, by vertical columns or towers, or by masonry supports without altering the general scheme of 
the design or the method of its operation. 


also quite frequently employed. It is also possible (by detailing the 
counterweight with suitable recesses) to support both trunnion bearings 
directly upon the masonry and thus eliminate the necessity for any towers 
or girders whatsoever. 

The method of supporting the trunnion bearings has been the subject 
of litigation between certain municipalities and the Strauss Bascule 
Bridge Company.^ Strauss claims a patent upon the particular type of 
trunnion girder illustrated in Fig. 19 wherein the girder is transverse and 
extends entirely through the truss. Where details will permit, however, 
it is always advisable to support heavy bearings directly upon masonry 
supports and thus avoid the deflection in structural members carrying 
the same. In the subject matter which follows, however, and in the 
1 See p. 23. 
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illustrative problem, a transverse trunnion girder has been used to illus- 
trate its application. The trunnion bascule with bearings supported on 
towers, longitudinal girders or directly upon the masonry would involve 
a procedure no different as regards design. 

As the span comes to rest, the forward bearing point FB comes to 
bearing on the live load shoe LLS, and the rear anchor lug L, attached 
to the counterweight, engages a seat in the anchor columns, thus causing 
the leaf to act, under live load, as a cantilever of span L supported at C 
and anchored at A. 

By adjusting the shims under the live load shoe, the span may Ix) 
made to come to bearing on this shoe slightly before the anchor lugs 
engage, thus allowing the trunnion bearings at T to lift slightly under live 
load by removing the dead load deflection from the trunnion supports. 



{Cmtimy 0/i^, A, Rapp, BHUpe City «/ Smith ) 

Fiu. 20. IJnivorHiiy Bndj5«, Boattlo, Icmf, trtuinirm, iiwwntk’ 


The span is operated by moans of an ofKU'ating pinion P rigidly coti- 
noctcd with the pier and engaging a circular rack attached to the moving 
leaf. 

This type of structure is sturdy and simple in operation and is 
unquestionably one of the very best types of bascule bridges in use. 

Ivan C. Peterson, Engineer-Manager of the (Ihlca^ Bascule Bridge 
Company, describes the various typos of the so-called “CJhicago” basculo 
as follows: 

Iho Arat cxiimpto of the Mo-aitllnd "CjhicHKO '* typo of IiiimouIh hrtdxn in the CUylsiiirit 
Avotiuo Bridge, which was dcHigned by I-klwiinl Willnmn, City Bridgo Engltioor, mid 
John liiHcHon, City Engineer, alxiut 1800. Hinco then this typo has pnssod throtigti 
various stages of evolution until at the present time there are 22 simple trunnimi 
bridges in sei vine in (thiengo, while two more are in the course of oonstruetlon. (tmlit 
for this further development is due Thomas O. Pihlfoldt, who is now, nnd for abiul 22 
years has been, the City's Bridge Engineer, and to Hugh E. Young, who, as Enginw'r 
of Bridge Design, has had charge of the design of pmotloally nil die City's "new" 
bridges built in aooordanoe widi the recommendations of the Cldoago !*la& Com- 
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mission, and having curved bottom chords and low trusses, as against the straight 
bottom chord and the deep trusses of the first design. 

(1) In Type 1 the trunnion bearings, two for each bascule truss, were supported 



(Cmirtesy of F, A, Rapp, Bridge Engineer, City of Seattle) 

Fio. 21. — Construction view of north leaf of bascule span at 16th Avenue N.W., Seattle 
Washington — simple trunnion, half through design. 



iCourteey of tho Chicago Bascule Bridge CoO 
Fig. 22,— - Chicago typo bascule bridge, Belmont Avenue, Chicago. 


on two box girders, one on each side of the truss extending from the front, or river pier, 
to the back wall of the pit. The counterweight consisted of cast iron and was confin ed 
practically within the truss. The top chord of the rear arm of the bascule truss was 
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shaped as a quarter circle and formed, in effect, the operating rack, and the machinery 
was placed in a space back of the pit, the operating pinions engaging the rack quad- 
rants already referred to. 

(2) In Type 2, the trunnion bearings are supported on two triangular box girders, 
or inverted A-frames extending from the front, or river pier, to the back wall of the 
pit, the rear ends of these trunnion girders, or frames, being carried up high enough so 
that the counterweight may extend across from one bascule truss to the other, passing 
under the two inside trunnion supports. The shape of the bascule truss and the location 
of the machinery is the same as in Type 1. 

(3) In Type 3, the arrangement of trunnion trusses and counterweights is the 
same as in Type 2, but while in Types 1 and 2, the bottom chord of the bascule truss 
is horizontal, Type 3 has a curved bottom chord giving the general effect of an arched 
truss, and the top chord does not extend much above the top of the railing. This 
bridge is operated by means of operating struts, pin-connected to the trusses and 
operated by a gear train located back of the pit, as in Types 1 and 2. 

(4) In Type 4, the arrangement of the counterweight and general outline of the 
inside trunnion truss is the same as in Types 2 and 3, but the outside trunnion bearing 
is supported on a horizontal box girder extending from the front, or river pier, to the 
back wall of the pit. The rack is confined within an opening in the truss and is of 
concave, or internal type, while the machinery is in two compact units located on 
the outside of the trusses and supported directly on top of the outside trunnion girder 
referred to above, and on a machinery girder parallel to, flush on top with, and securely 
braced against the trunnion girder. 

(5) Type 5 differs from Type 4 in one respect only, namely this, that the inside 
trunnion bearing is supported on a cross girder extending through the opening in the 
bascule truss referred to above and there is, therefore, no inside trunnion girder or truss. 

There are two modifications of this type: 

(a) The outside trunnion girders span freely from the front, or river pier, to the 
back wall of the pit and support not only the outside trunnion bearing but 
the end of the cross trunnion girder as well. 

(&) The outside trunnion girder is, in fact, eliminated or is replaced with a much 
smaller girder serving rather as a machinery support, and the load on the 
outside trunnion bearing as well as the reaction from the cross trunnion 
girder is carried down into a subpier located directly under the side wall of 
the pit at this point. 

Through a recent sensational lawsuit which was decided in favor of the Strauss 
Bascule Bridge Company, Type 5 was adjudged to infringe U. S. Patent 995813, 
belonging to the Strauss Bascule Bridge Company, insofar as the cross girder extend- 
ing through openings in the bascule trusses is concerned. 

On the other hand, the employment of the opening in the truss for locating therein 
an internal or concave rack is covered by U. S. Patent 1001800, issued to Alexander 
Von Babo in 1911; we are licensees for the use of this patent. The drawings attached 
to this patent show the general arrangement of Type 5, but of course, the suit which 
judged the cross trunnion girder an infringement of Patent 995813, automatically 
voided the clainas in Patent 1001800 covering this feature, and with this feature 
omitted. Type 5 reverts to Type 4. 

The Belmont Avenue Bridge, shown in Figs. 30, 31 and 32, is of Type 4, These 
illustrations clearly show: 

(а) The general appearance of the finished structure (see Fig. 22, p. 22). 

(б) The arrangement of trunnion girders and trusses, also anchor posts (see Pig. 
30). 

(c) The framing of the movable span which shows that the bottom lateral 
system extends from the front end of the leaf and nearly to the trunnion 



24 


MOVABLE AND LONG-SPAN STEEL BRIDGES [Sec. 1-66 


center, when it is interrupted for only a short distance and then continued 
in the counterweight box itself, which forms a most rigid and solid brace 
between the tail ends of the bascule trusses (see Fig. 31). 

(d) The compact arrangement of the operating machinery. In this particular 
bridge, the shaft bearings were bolted directly to the machinery girders, but 
in later structures of this type, the bearings are integral parts of a complete 
cast steel machinery frame or base, which permits the complete assembling, 
adjustment and testing of the gear train before shipment (see Fig. 32). 

66. Strauss Type . — ^There are several designs put out by 
the Strauss Bascule Bridge Company, the most distinctive being (1) the 
Overhead Counterweight type, and (2) the Heel Trunnion type. 



Figure '23 illustrates the general outline of the Strauss overhead 
counterweight design, the distinctive features of which are the four 
trunnions Ti, IP 2 , Ts and forming with their connecting struts, a 
parallelogram. 

The tail trunnion is placed on a line passing through the center 
of gravity g of the moving leaf and the main trunnion Ti. The link 
Tr-Tz is made parallel to T 1 -T 4 , also the lines T 1 -T 2 and Tz-Ta are 
parallel. The following conditions of equilibrium therefore obtain 

Wa : Wa' ::Pb :Pb' 

This relationship is true because of the fact that g, Ti and 2^4 lie in a 
straight line and also because the parallelogram Tr-T^rTz-T^ causes the 
pivoted counterweight to move parallel to itself. 

The principal advantage of this arrangement lies in the fact that the 
main trunnion Ti may be located at any point desired {T^ being, of 
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course, located accordingly). Thus, it is possible to put the trunnion 
Ti at the point shown and place the counterweight above the roadway 
even through the center of gravity of the entire mass (leaf and counter- 
weight) would be at some point such as C. The principal disadvantage 
lies in the number of intermoving parts and the hinged and swinging 
counterweight. 

The Strauss ^'Heel Trunnion’^ type is illustrated in Fig.. 24. 

Ti is the main leaf trunnion, the counterweight trunnion, and Ti, 
T 2 , Tz and T 4 , together with their connecting struts form a parallelogram. 
A line is drawn through Ti and g the center of gravity of the moving span, 
and the center of gravity g' of the counterweight is made to lie on a line 
through Ta parallel to g-Ti. We then have Wa : Wa' ::Pb :Pb\ and a 



condition of constant balance is maintained. This proportionality is 
maintained during the operation of the bridge by means of the trunnion 
parallelogram TvTttTz-T^. The bridge is operated by means of the 
strut S attached to the moving leaf and fitted with a rack engaging the 
pinion P rigidly fastened to the fixed tower T, As the moving leaf 
rises, the trunnion parallelogram folds up and the shore end of the rocker 
arm lowers, causing the counterweight to move downward. Pier A 
supports the counterweight and Pier B supports the moving leaf under 
dead load. 

The Strauss Company also put out a design known as the ‘‘Strauss 
Underneath Counterweight” type in which the counterweight principle 
is identical with that of the “Overhead Counterweight” type above 
described, but with the counterweight and link located underneath the 
roadway. This arrangement is particularly adapted to locations which 
provide ample clearance between high water level and grade. 

7. Semi-lift Bascule Spans. — ^The direct lift bascule is, properly, 
not a bascule span at all, but one that belongs in the vertical lift classifica- 



{Courtesy of the Strobel Steel Construction Co.) 

Fia. 27. — Rail type, semi-lift span, C. B. & Q. Railroad near La Salle, 111. (Span closed.) 


The Rail type vertical lift span is illustrated in Figs. 25 and 26, which 
are taken from descriptive matter put out by the Strobel Steel Construe- 
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tion Company. There are two types shown, differing in minor detail of 
operation; these are completely explained by the drawings. This type 
of span is applicable to spans requiring a head room, when open, of not 
over about 150 ft. and presents the advantage of being applicable to the 
modification of existing fixed spans. 

The Strauss Bascule Bridge Company also put out a semi-lift type 
operating in the same general manner. 

Figures 27 and 28 are views of a Rail type, semi-lift span in operation. 



{Courtesy of the Strohel Steel Construction Co.) 

Fig. 28. — Rail typo semi-lift span, G. B. & Q. Railroad near La Salle, HI. (Span open.) 


8. Other Types of Bascule Spans. — There are several other types of 
bascule construction which have been introduced from time to time. 
Some of these have been quite successfully used, others have been quickly 
abandoned in favor of the more standard types described above. The 
Brown Bascule, built in Buffalo, N. Y., and the Waddell and Harrington 
type, built in Vancouver, B. C., are examples of successful bascule con- 
struction outside the types herein described. The roller bearing bascule 
of Cowing and of Montgomery Waddell and the tilting floor bascule of 
Page and Schnable are other examples of interesting design along this 
line. Dr. J. A. L. WaddeU in his “Bridge Engineering^^ gives a very 
interesting discussion of many of these types. 

Space will not suflS.ce for even the briefest mention of the many bascule 
types for which U. S. Letters Patent have been granted. For the benefit 
of those who wish to collect further information along this line a complete 
list of bascule patents granted by the U. S. Patent OflB.ce to date is here- 
with appended. 
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List of U. S. Letters Patent Granted fob Bascule Bridge and Allied 

Construction 


Number 

Sub-class 

Patentee 

Remarks 

173253 

36 

M. B. Adams 

Bascule 

983194 

41 

R. M. Agnew 

Drawbridge 

1001800 


Alexander F. L. Von Babo 

Bascule 

1048440 

39 

F. J. Benni 

Bascule 

442847 

36 

S. Bergman 

Drawbridge 

828873 

36 

F. G. Borg 

Bascule 

632985 

38 

W. L. Brayton 

Bascule 

587926 

36 

W. H. Breithupt 

Drawbridge 

590787 

36 

T. E. Brown 

Drawbridge 

1151657 

36 

T. E. Brown 

Bascule 

1203695 

36 

T. E. Brown 

Bascule 

1210410 

41 

T. E. Brown 

Bascule 

1251634 

36 

T. E. Brown 

Bascule 

1254772 

36 

T E. Brown 

Bascule 

1254773 

36 

T. E. Brown 

Bascule 

1270925 

36 

T. E. Brown 

Bascule 

1302302 

36 

T. E. Brown 

Bascule 

683811 

38 

J. P Cowing 

Bascule 

644405 

38 

J. P. Cowing 

Bascule 

665405 

38 

J. P. Cowing 

Bascule 

672848 

38 

J. P. Cowing 

Lift bridge 

689856 

38 

E. D. Cummings 

Lift bridge 

1224629 

36 

R. D. Gardner 

Lift bridge 

694744 

40 

C. F. Hall 

Bascule 

708348 

40 

C. F. Hall 

Bascule 

383880 

37 

W. Harman 

Bascule 

952485 

36 

JT, L. Harrington 

Bascule 

554390 

41 

E. B. Jennings 

Drawbridge 

780193 ! 

41 

J. A. Joyce 

Bascule 

721918 

39 

C. F. T. Kandeler 

Bascule 

735414 

39 

C. F. T. Kandeler 

Bascule 

685707 

41 

1 C. L. Keller 

Bascule 

752563 

40 

a L. Keller 

Bascule 

1047950 

38 

C. L. Keller 

Bascule 

1042238 

41 

K. C. Krase 

Bascule 

173253 

36 

F. L, Krause 

Bascule 

503377 

37 

R. P. Lament 

Bascule 

503378 

36 

R. P. Lament 

Bascule 

544733 

36 

R. P. Lament 

Bascule 

657122 

39 

F. La Pointe 

Lift bridge 

1124922 

36 

C. G. E. Larson 

Lift bridge 

1078293 

37 

B. Leslie 

Drawbridge 

1128478 

40 

C. McKibben 

Bascule 

1241237 

36 

C. H. Mercer 

Bascule 

180491 

39. 

G. Moody 

Drawbridge 

1311284 

36 

S. Morreell 

Bascule 

711153 

40 

S. T. Metiers 

Lift bridge 

824135 

36 

R. E, Newton 

Bascule 

843167 

38 

J. P. Nikonow 

Cantilever bridge 

673923 

36 

J. W. Page 

Bascule 

731321 

38 

J. W.. Page 

Bascule 

731322 

36 

J. W. Page 

Bascule 

12570 

40 

T. RaU 

Bascule 

817516 

40 

T. Rail 

Bascule ■ 

1094473 

38 

T. Rail 

Bascule 

511713 

: . . 

39 

W, Scherzer 

Lift bridge 
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Number 


PatGutoo 

U**nmrkH 

721918 

39 

A. H Soheraer 

Baaeule 

735414 

39 

A. H, Soherser 

Baaoute 

903399 

40 

A. II. S<*hor8cr 

Baaeule 

908987 : 

41 

A, H. SohcTEGr j 

Baeeule 

9(}8988 

41 

A. H StOionor 

Baweule 

978493 

41 

A, II. Seheraw 

Bawfule 

1021488 

39 

A, H, Soluiraor 

Baiieule 

1041885 

39 

A. II. 8clun‘*er 

BaHGule 

1104318 

39 

A. H. Boheraer 

Baaeule 

1109792 

40 

A. H. Bohoraer 

Baaoule 

1114535 

39 

A. H. Soheraer 

Baaeule 

517809 

39 

M, 0. Bahinko 

Drawbridge 

561004 

39 

M. G. SohUtkts 

Drawbridge 

504104 

38 

E. a Sha-w 

Baarule 

887131 

30 

ti. H. Bhoemakpr 

19ft bridge 

738954 

1 38 

J. B. StmusB 

Baa tut le 

894239 

39 

J. B. Btrauaii 

BaatMile 

995813 

1 » . 

J, B. Btraumi 

BaatnUe 

1124350 

1 30 

J. B. Btrauaa 

Baarute 

1,150043 

1 38 

J. B. Btrauaa 

Baaeute 

1150975 

I 38 

J. B. SiraufUii 

Baaoule 

1167449 

41 

;r. B. Strauai 

Baaeule 

1170703 

38 

J, B. StmuiMi 

Baaeule 

1171553 

38 

J. B. BtrauMi 

Baaeute 

1211089 

30 

J. B, BtrauiMi 

Biiaeule 

130278 

38 

B. Ewarti 

14ft lirldge 

172204 

38 

B. Bwarta 

14ft bridge 

9U028 

38 1 

E. Bwenaoii 

14ft bridge 

490074 

30 ; 

0. H. ThtHniHi0» 

Drawbridge 

<i48447 

40 ' 

F, G. Vent 

Baaeuie 

598107 

39 

M. Waadell 

Drawbritige 

598108 

39 

M. Waddell 

Lift bridge 

021400 

38 

M, Waddell 

14ft bridge 

037050 

40 

M, Waddell 

Baaeute 

000827 

30 

M. Waddell 

llaatntle 

001113 

38 

M. Waddell 

Haai’tde 

093407 

38 

M. Waddell 

14ft bridge 

890947 

38 

M. Waddell 

Lift bridge 

908718 

40 

M. Waddell 

Drawbridge 

952485 

30 

M. Waddell 

Haatnde 

780308 

39 

W. J. Wation 

Baaimb 

442847 

30 

t Q. A, Weldenmayef 

Draw bridge 

534704 

37 

B. t, Worden 

Drawbridge 

530313 

39 

B. I<, Worden 

! Drawbridge 

091085 

30 

3. D. Wllklna 

I lift bridge 

1241237 

30 

0. II. Woethle 

BaatHtle 


SELECTION OP TYPE OP BASCULE BRIDGES 

Bv I’laL A. PKANKt4N 

9. Single vs. Double Leaf. — A great many faotora arts involvtsd in the 
problem of selection of type of bascule for use at a given location. Some 
of tlussc factors should bo known even before the site is chosen. Others 
can be determined by a careful topographical survey of the selootoci 
location. Still other factors are made known by the results of tost 
borings and other exploration of the foundations. The economies of 
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cost of substructure and superstructure for the various types can be 
determined only after comparative designs and careful estimates have 
been worked out. 

It is the intent of this chapter to outline a few of the more important 
points to be considered and to call attention to the fundamental differ- 
ences in the various types in so far as these differences may dictate the 
selection of the ultimate design. 

The first question in selecting a type of bascule bridge is usually 
whether one leaf or two shall be used. 

The advantages of the double leaf construction over the single leaf are: 

(1) Added safety to roadway traffic. 

(2) Increased speed of operation. 

(3) Greater adaptability to esthetic treatment. 

(4) Decreased size of individual operating units. 

(5) Lower overturning moments on piers due to wind on upraised 
leaf. 

(6) Shorter counterweight arms or smaller counterweights, or 
both. 

(7) Increased head room at center of channel (in the deck or half 
through types). 

Taking these up in the order given above: The added safety to road- 
way traffic is due to the fact that practically all types of bascules may be 
so arranged that either the rear end of the moving floor or else the counter- 
weight forms a solid barricade across the roadway when the bridge is fully 
raised, while on a single leaf bridge the outer end raises and leaves the 
open end of the fixed roadway protected only by a gate or other light 
barricade. In certain types of the Rail rolling lift, the Strauss vertically 
moving overhead counterweight, the Strauss Heel Trunnion Pantograph 
type and the Scherzer rolling lift with overhead counterweight, the 
counterweight generally forms this barricade. In the Chicago type 
simple trunnion bascule and in practically all of the other underneath 
counterweight types, the roadway floor on the moving leaf forms the 
barricade when the break between the fixed and moving floor is ahead of 
the trunnion as it should preferably be on single deck bridges. The 
roadway floor probably constitutes a better and more certain roadway 
barricade than does the lowered counterweight particularly in locations 
where a large portion of the lifts will be to less than full height. Either 
type, however, furnishes a barricade much safer and more certain than 
can reasonably be expected for a single leaf design. In substance there- 
fore, a double leaf bascule effectually protects both approaches while a 
single leaf bascule leaves one approach unprotected. 

The greater speed of operation for the double leaf construction is due 
to the fact that for a given opening at the center of the channel, two 
leaves can be raised simultaneously in a shorter space of time than one 
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leaf can be raised to twice the desired opening at the far pier. The leaves 
of the double leaf type, being shorter, are lighter and have less inertia to 
be overcome by the machinery. The acceleration is therefore faster than 
with the single leaf. 

In consideration of esthetics the double leaf lends itself readily to a 
balanced treatment, both piers and leaves being symmetrical. The 
stresses in the trusses of a double leaf bridge are a maximum at the piers 
and a minimum at the center of the channel. The double leaf, therefore, 
is economical when a curved chord cantilever is desired in order to give 
the effect of an arch when closed. 

On account of the decreased inertia and lighter weight (because of the 
shorter leaf and the smaller area exposed to probable wind pressure), the 
individual items of machinery required to operate the double leaf type 
will be lighter than those for the single leaf type, although the total weight 
of operating machinery may be about the same. 

In the same degree that the wind pressure is reduced, the overturning 
on the pier and thereby the maximum soil pressure is also reduced. For 
each leaf, the area exposed to wind pressure is half for the double leaf 
type of what it is for the single leaf type. The moment arm also being 
half, the resulting moment is therefore, only one-fourth. This is a very 
important consideration where the foundations are in soft material or on 
piling. 

The moving leaf is shorter and lighter on the double leaf type, there- 
fore, in the fixed counterweight types the counterweight arm may also 
be shorter and the size of the counterweight reduced, thus reducing the 
required distance from the grade of the roadway to high water elevation. 
This effect is more than directly proportional to the length of the leaf 
because the lighter truss, as above noted, has also a shorter lever arm. 
In the case of the pivoted counterweight and overhead counterweight 
types, the above relation is true, particularly in regard to the size of 
counterweight. The saving in length of counterweight arm may be 
sufficient to just avoid dipping beneath the water line with the counter- 
weight arm when the bridge is raised and therefore, may mean the differ- 
ence between a watertight counterweight pit for a single leaf as against an 
open air clearance for the double leaf type. This consideration often 
becomes a determining one in locations where the roadway grade must 
lie close to the water surface. 

In the double leaf type, the counterweights, as above noted, are 
much smaller than in a single leaf bridge of equal channel span on account 
of the lessened weight and moment arm of the overhanging leaf. There 
is, therefore, considerable economy of counterweight material itself in 
the double leaf type. 

In the double leaf types, the adoption of a shallow section at the ends 
of the cantilever arms to give the closed span an arch effect and also to 
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save metal at the center, increases the available head room at that point 
thus permitting a relatively greater percentage of the shipping to pass 
under the closed bridge. 

The advantages of the single leaf type over the double leaf are: 

(1) Centralized power plant and control. 

(2) Greater rigidity under excessively heavy live loads. 

(3) Only one counterweight pit to provide (where the roadway is 
so close to water line as to make a pit necessary and where 
an underneath counterweight type is to be chosen). 

(4) Absence of the necessity for anchoring the rear end of over- 
hanging arm for live load with a consequent lessening of 
the churning action on the foundations. 

Referring to the above points: The advantage of a single control and 
mechanical plant is obvious. There is but one machinery room, the 
limit switches and interlocking devices are greatly simplified and 
cheapened and the use of steam er gas as a motive power is made possible 
in localities where electric power is not available or not satisfactory. 
Where electric power is employed, or where gas or steam must be used in 
conjunction with electricity, a submarine cable is necessary with the 
double leaf type for the control of the remote leaf. Remote control for 
the operation of the far leaf has been very highly developed and is per- 
fectly safe and certain, the only objection to the same being that it is 
expensive from a standpoint of first cost and because it requires the 
presence of an operator familiar with the electrical wiring of specialized 
equipment. In localities where the underneath counterweight is desir- 
able from an esthetic standpoint or for other reasons, but must be 
provided with a watertight pit on account of the proximity of the grade 
line to water line, it is quite possible that the saving effected by the elimi- 
nation of one pit through the use of a single leaf design may offset the 
losses due to the various other considerations against the single leaf type. 

The double leaf type generally acts as a cantilever under live load 
and must therefore be anchored at the rear. The single leaf type acts 
as a simple span under live load and hence needs no anchorage. 

One of the greatest advantages of the single leaf type is the elimination 
of the necessity for this anchorage at the heel of the truss inasmuch as 
this anchorage detail in double leaf designs is the cause of considerable 
churning action on the piling or foundation soil and a consequent increase 
in extreme pressure at the toe of the footing. Whether or not the increase 
in live load toe pressure on the double leaf design due to the above cause 
is offset by the decreased toe pressure due to the fact that wind pressure 
on the upraised leaf is much less, can only be determined by analysis of 
each individual case. 

In general it will be found that for heavy loads or for short spans, the 
single leaf type will be the more economical while for lighter loading or for 
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longer spans, the double leaf will be cheaper. In corroboration of the 
abo ve principle, it should be noted that single leaf types are more common 
for railway than for highway loadings and that practically all spans of 
less than 100-ft. clear channel are single leaf designs. No small part in 
the selection of these types is played by the fact that the double leaf 
design gives the more sightly structure and lends itself to balanced archi- 
tectural treatment, being for this reason a preferable type for highway and 
municipal bridges, while the single leaf, through truss type is far stiffer 
under heavy engine and train loadings and is therefore, more desirable 
for railway work where esthetics are to a certain extent secondary. 

10. Through vs. Deck Spans. — In addition to the well known con- 
siderations which have a bearing on the selection of through vs. deck 
trusses for ordinary fixed spans, the bascule bridge involves certain 
factors relating to location and size 
of counterweights and to the location 
of the trunnions and their supports. 

In any type of bridge where the 
coxmterweight is fastened rigidly to 
the moving leaf, it is necessary that 
the line through the centers of grav- 
ity of the overhanging or river arm, 
and the rear or counterweight arm 
must pass through the center of 
rotation in order that the moving 
part may always be in equilibrium 
without assistance from the machinery. In those types where the coun- 
terweight is linked to the moving span, but not rigidly connected thereto, 
the distance in a horizontal line between the main trunnion and the cen- 
ter of gravity of the moving leaf must always bear a fixed ratio to the 
horizontal distance from the point of rotation of the counterweight to 
the center of gravity of the same. (This relationship is due to the fact 
that the summation of moments tending to rotate the span about the 
trunnion, must always equal zero for equilibrium and therefore, the ratio 
of the horizontal arm of the moving leaf to the horizontal arm of the 
counterweight must always be in inverse proportion to the ratio of weights 
of moving leaf and counterweight.^) 

It will readily be seen, therefore, that if the trunnion for a through 
truss were located at the lower chord end panel point LO, the counter- 
weight would need to be below the deck of the fixed approach if it were 
to be rigidly connected to the moving leaf because the center of gravity 

^ For purposes of operation, it is generally considered advisable to so arrange the 
relation between the center of gravity of the moving system and the center of rotation 
that the channel leaf will be overbalanced very slightly when closed. This, however, 
is discussed more fully in Art. 13, p. 39. 
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when produced rearward must constitute the locus of the center of gravity 
of the counterweight. The type shownin Kg. 29, on the other hand, 


of the truss would lie above the trunnion and, from the above considera- 
tion, a line from the center of gravity of the truss through the trunnion 


Fig. 30. — East abutment, Belmont Avenue Bridge, Chicago, Oct. 5, 1915. 
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permits the main trunnion to be placed at or near the heel and at the 
same time, permits the employment of an overhead counterweight. The 
type shown in Fig. 33, p. 40, also permits of the construction of a through 
truss with heel trunnion and overhead counterweight. 

The case first cited above, viz,, a through truss with heel trunnion and 
fixed counterweight, would require enough metal at LO to withstand the 



Fig. 31. — East abutment, Belmont Avenue Bridge, Chicago, Feb. 1, 1916. 

bending moment caused by the counterweight and this, for any ordinary 
span, would be prohibitive. If, however, the trunnion is raised to a 
position between the chords of the truss and the truss extended rearward 
to the counterweight connection, it is possible to place the counterweight 
rigidly between the rear ends of the trusses and have its center of gravity 
in line with the center of gravity of the forward end and the center of the 
trunnion. This gives the simple trunnion type as illustrated in Fig. 31 
and changes the design from a through to a half through or deck type. 
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It IB ttlao poasiblo to obtain a deck structure witiii a heel trunnion and 
overhead counterweight altiiough considerations of headroom at high 
water generally cojifino this tyjK! to short spans. 

Advantages of the deck type are: The possibility, as a general rule, 
of securing more rigid bearings for the trunnions; more sightly structures; 
better chance to develop the lateral system in tho counterweight arm, 
thereby stiffening tho wlrole moving leaf; and lastly, greater safety to 
roadway traffic as tho operator has a much better view of tho roadway on 
a deck span than ho does on one where tho truss members are above tho 
floor. 

Some of tho <li.sadvanlage.H of the tleck type are: Tho a<Ided height 
of roatlway necessary, making the approaches steeper; tho difliculty in 
general of arranging rlimensions and <IetailH to allow the break in the floor 
to bo placed ahead of the point of rotation (tliereljy making tho moving 
leaf to act as an effective barrier to tho roadway traffic) ; a<Uled height 
of caunt<*rweight tower jiosts in the overhead countcrweiglit types; add<‘d 
length of channel span in tho trunnion tyjH's whi<!h have trunnions in or 
near the line of the top chord. As a g<'neral rule, it may Ire said that tho 
higher tho floor is placed above the bottom chord, the more difficult 
Iwcomo the iletails. Particularly is this true in reganl to the interft'rence 
of moving parts; ma»»y cases having arismi where it has lieim im|>raetieahlo 
to obtain a d«‘ck structure ami still k«'ep tho break in fl<«»r ahead of tho 
center of rotation. The reasons for this are not easily tlemonsirated, but 
the tleslgner will stsm fhnl whetlier his di-sign cun be made a deck structure 
or whether the limiting conditions in tho casi', as above discussiHl, make 
tliat ty{Mj out of the nuesiion. 

11. Arrangement of Pier*. - 'I’hen: nr«! several tyi«'s of pitu's usi-il to 
supjwrt bascule spiins. Some of tlmsi^ art) common to W'Viirul ty{M‘s i»f 
Imscuies while others are adaptuidif to only one ty|K% Whutevijr aiJjjlittM 
to tho operating, or hinged, emt cjf a sitigle leaf tyjK* also applies to tho 
hingiul ends of a dotible leaf ty|H<, 

In gem^ral a forwartl ami a rear pier are reiiniretl for the o;)orating 
end of any bascule. The simple trunnion tyfx! has alivts loail or forward 
pier, a trunnion pier and (if a <foulih» leaf tyfK*) an anchor or rear pier. 
Tho Strauss trinmlon ty|K? generally has tho saiw! piers and tho Schorjsor 
type hiw a tnmk lietwei*n a forward and a rtuir |>ier, or else a milid wall 
which is etpiivalent to a hi-atn ovct t!n! two sup{x>rtH. The Hall also uses 
a track, hut freijuently supjKH'ts one end of this track on a stream pier and 
tho other on an apprtJach. The Page bascule, in which tho weight of tho 
approach is utiliw-if as a eountorwoight, must have a forward pier for 
tho heol of the river arm ami a roar pier for the hool of the approach arm. 

A forward and a rear pier are usmUly nocossary on account of the 
fact that tho possihlo overturning moment of the wind on tho open, or 
parti^ly opon span is very great and enough mam and base area must bo 
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furnished by the pier or piers to render the structure stable under maxi- 
mum wind pressure on the upturned leaf. Some designers have suc- 
ceeded in using the approach span as a connecting link, thereby causing 
the pier at the shore end of the approach span to act as the rear pier and 
take part of this overturning moment. 

Wherever the counterweight is clear of the water at the fully open 
position of the leaf, the individual piers will probably prove the cheaper 
method of support, but where the counterweight swings below high, 
water, it will be necessary to build a watertight pit into which the counter- 
weight may swing. In this case, the unit pier construction has the 
advantage and the final design will resemble an open box generally with 
individual piers against the inside walls; the whole being placed on a 
solid foundation slab. The overhead counterweight will practically 
always call for simple individual piers while for the underneath counter- 
weight design, the type of pier needed will depend upon the distance from 
roadway to water level. In the wing counterweight type, the weights 
are almost always so arranged that they do not fall below the line of the 
top of the pier and so rarely need a watertight pit. 

12. Relative Merits of Different Types. — There are in use in the 
United States and foreign countries at the present time four principal 
types of bascules. These have been described in a general manner in the 
foregoing pages. They are: (1) Scherzer; (2) Strauss; (3) Chicago, or 
Simple Trunnion; and (4) Rail. It is probable that there are in existence 
more bridges of either one of the four above mentioned types than all 
other miscellaneous kinds combined. A glance at the list of patents on 
pp. 28 and 29 will show that there are a great number of patented 
bascules which have never been built and that the four types mentioned 
above comprise a large part of the patents. It is true that some of the 
patents are for improvements and for small parts in existing types, and 
not for separate and distinct types of bridges. Most of the patents, 
however, cover some basic idea of bascule design in relation to the whole 
superstructure and its method of operation. The fact that some of these 
types have not been built quite likely indicates either that they were too 
costly, or that further investigation has shown the basic idea to be imprac- 
tical. At any rate, the result has been that construction has narrowed 
down at the present time to practically the four types mentioned above. 

In the number of bridges of each type in operation, it is probable that 
the Scherzer leads, the various types of Strauss coming next, the Chicago 
or Simple Trimnion being third, and the Rail last. 

MSCDLE SPPERSTRtJCTTJEE DESIGN AND ERECTION PROBLEMS 

By Phil A. Franklin 

In this eliaptery it is not the intention to treat of that portion of the 
design of a bascule bridge superstructure which involves the same 
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procedure as that for the design of any other steel frame work. There 
are many points, however, which are very different from ordinary fixed 
bridge design. It is with such special features that this chapter has to do. 

13. Balance Requirements. — ^The main difference between a fixed 
bridge and a bascule lies, of course, in the fact that the latter is a moving 
structure. In order that the machinery required may be as light as 
possible, it is necessary to have the moving portion always in balance so 
that inertia, friction and wind are the only loads on the machinery. The 
designer of the structural portion must, therefore, bring the center of 
gravity of the moving leaf to a coincidence with the center of rotation. 
The moving leaf is best handled by considering it in two complete items: 
(1) All the moving portion except the concrete counterweight, and (2) 
the concrete counterweight. 

The best method of procedure seems to be to choose tentatively the 
number of leaves desired, the type of bascule to be used, the length of 
span, the elevation of grade (thus giving the distance from grade to high 
water) and all other limiting conditions and then to make a rough layout 
of this tentative plan to determine whether all the conditions can be 
fulfilled. From this sketch, the amount of clearance from grade to high- 
water will show whether an underneath counterweight can be used. The 
length of river arm can be determined so as to provide the necessary clear 
channel and the question of deck V8. through bridge decided. Several 
trials and layouts are usually necessary before all points of interference 
are located and corrected. These points being settled, the final design 
may be started. 

Since the portion of the structure between the forward or channel 
piers can be designed with certainty regardless of the shape, support 
required for, or the placing of the counterweight, it is advisable to con- 
sider first the bridge in the closed position and design the river arm for 
dead and live load closed. This gives the weight and center of gravity 
of the river arm and, as the limiting dimension between grade and water 
line will fix very closely the length of the counterweight arm, a close 
approximation can be made (1) of the weight and center of gravity of 
the steel in the rear end, and (2) of the amount of concrete required in 
the counterweight. Having these data and the shape of the forward arm, 
the line from the center of gravity of the proposed counterweight to the 
center of gravity of the rest of the moving leaf will constitute the locus 
of the center of rotation for any bascule having a rigidly attached counter- 
weight (see Fig. 52, p. 51). 

For bascules with a trunnioned or hinged counterweight, the line 
from the counterweight trunnion to the center of gravity of the moving 
leaf is the locus of the center of rotation (see Fig. 54, p. 52). 

In the Strauss type of overhead counterweight which has the parallelo- 
gram connection between the counterweight and the truss (see Fig. 33a), 
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the point of rotation of the truss is fixed at H (the heel of the truss) and 
the line through the center of gravity G of the moving leaf and the trun- 
nion H must be parallel at all times to the line CT, where C is the center 
of gravity of the counterweight. This may be readily seen from the 
following consideration: If we consider the parallelogram T~L as 
of no width, thus bringing the counterweight trunnion T and the main 
trunnion H to the same point, the length of lines TH and LIj become 
CQual to zero and the line TC becomes a continuation of line GH, The 



moving portion can then be considered as a simple trunnion type as 
shown as in Fig. 336. From this treatment, it is seen that the law above 
stated must hold, viz. — ^that, for the type shown in Fig. 33a, the locus of 
the center of gravity of the counterweight is a line through T parallel to 
the line GH and extending toward the rear. 

When the point of rotation is not yet fixed, as is the case when design- 
ing the vertically moving overhead 
counterweight type (see Fig. 53, p. 
52), the point of connection of the 
counterweight to the moving leaf is 
considered as the counterweight trun- 
nion and the rule stated above for 
trunnioned counterweights applies. 

In locating the trunnion it is well 
to know the several points at which 
interference is likely to occur and to 
provide early against such difficulty. 
The greatest trouble is generally encountered in locating the break in the 
floor. If this is to be ahead of the center of rotation, it must be far 
enough ahead so that a line through the center of rotation at an angle with 
a ^^rpendicular to the floor line equal to one-half the angle of opening, 
ml! intersect the floor at or behind the break. This is readily seen from 
M. If the break in the floor were to be placed at point A (see Fig. 

naoving floor would travel through the circular 
path AD and come to rest (at full open position) at point D just touching 
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Iho lixod floor. If tlm floor break were to bo placed back of iK)int A 
(jia at A', Fif?. H I), the h'uf would obviously foul tluj fi.xod floor at souu^ 
position leas than the full op(>u position. If the floor break were to 
lie placed ahead of jx)lnt .*1, as at {wint B, the leaf would como to rest (at 
the fully o{K'n {Kisition) at some point C hsiving a gap at C between fixed 
and moving fhuirs which, if large enough, would constitute a menace to 
traffic. It is clear, therefore, that if no other clearance, condition limits 
the location of the floor break, the same should be placed just far enough 
ahea<i <if {Kiint -*1 to furni.sli a working clearance at jioint D between fixe<l 
and moving floors when t he leaf is fully raised. 

There is another limiting clearance condition, liowever, to wit: The 
interference of the forward end of the fixed floor with f.he sway frame 




iH'tween tlm first panel jioints of the moving leaf aheiwl <»f the trunnion 
(h<*c l'’ig, lift). 

From an ins|H«cl ioti of Figs. Hfi and Hti and from the foregoing iUscus- 
sion, it will la* rc>adily want that stjino very close designing must Ijo dono 
at this |M>int. Consider (Fig. HO) tlte trunnion definitely located at {mint 
T. At floor {Kwitiott I, tho break must Ikj {tlaced at, or slightly 
ahead of {Ktint h. If tho fhxtr is movetl to {tosition 2, [mint becomes 
the limiting rearward {awition of tlie fhatr bonik, etc. It is thus seen that 
raising tho floor tijK-ratcs to throw the limiting {losition of the fkmr break 
forward. On the other hantl, tim ctearanco line for tho sway frame 
intersects the floor level at {siints which ntove backward astht* f!(H»r eleva- 
tion is raise*! interwcling the litu! h-b' {jraduceci at some elevation such as 
floor {msition H (s«»e l'’ig. 30). It is, then, obviously Imtmssiblo to locate 
tho floor aimve this elevation without having either the sway frame or 
the moving leaf foul the fixed floor. It becomes necessary, therefore, to 
move t)«» leaf jjarnd [mint from B-ii to some {KJsition B'-B' so that the 
clearance line for the sway frame is moveci ahead of the trunnion a suffi- 
cient distance to provide tho noeessary c!o8ran<®. This position increases 
tho required span length (between trunnions) thereby increasing the 
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amount of metal required in both forward and rear arms, and also the 
amount of material in the counterweight. This change also obviously 
operates to increase the size of the pier. 

liOwering the floor clearance reduces the available space beneath the 
fixed floor in which to place the counterweight and also operates to cramp 
the space necessary for machinery. The foregoing discussion will illus- 



trate the difficulty encountered in providing for a true deck truss con- 
struction and will also illustrate the importance of careful attention to 
clearance requirements in order to avoid interference between fixed and 
moving parts. 

Another point of interference is between counterweight and pier in 
the fully open position. Many times the detail of the counterweight 



must be changed to fit the pier. In the overhead type, this interference 
is generally between the roadway floor and the counterweight. 

Interference must also be guarded against where the lower lateral 
system approaches the trunnion supports. When the two supports for 
the ends of a trunnion are carried on columns extending downward into 
a pit, no lateral system can be used between the trunnion post line and 
the counterweight which interferes with the trunnion posts (see Fig. 37). 
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If the trunnion lioaringH nrc carried on iUTOSK-girtlerost(>n<!ing through 
lioth truaaps, interfercnro iniwt gunrthMi against whore the lower chor<la 
pass Ixnieath the girder.* At this {mint, interferenee not apparent in the 
closed position of the Imdgc? will <levelop when the truss is rotated, as wilt 
bo seen by tieserihing an arc through tins estretue etlge of the lower 
flang<% jilatea of the girder about the trunnions as a center (see Fig. 38). 
Clare must also Iw taken to s(‘e that the truss members, in rotating, do 
not fold any of the shafting of the operat ing machinery. In certain 
macliinery layouts, the main shaft extends through the trussesnnd operates 
trains of gears on the piers, tfiese gear trains in turn ojH'rating the main 
pinions. In these tyjies, a jwirtion of the machinery is usually hitween 
the trusses on a platform susiwndetl from the tixetl fltKir. 'I’his platform 
must Ixi very carefully laid out in order not to interfere either with tho 
trusses or tho eounterweight. 

All tho above questions relating to general clearance requirmmmts, to 
tho {msition of the various centers of gravity and to the Incation of 
trunnions, etc. must Isi deci<lcd and maile to cnrrt'sjxnid Ix'fore the final 
ilesign of the (xnmtervvcMght arm can Iw made uml the finished calculations 
for balance iHimpleted. 

14. Live Load Stressea. — In the design of the forward or river arm, 
tho exact live load cun Iw used, but in the tentative layout of the counter- 
weight arm only approximate lotuls can 1 h! used until th«^ final form is 
<iet<*rmim*d. After a certain shajxi of counterweight arm is tlefinitely 
selected, eomplete and definite stn'sses may Im calculated ftir this arm as 
well and tlie live loatl stress's are then complete. In single span bascides, 
the live load stress calculations arc no diflereiit from thom> in any otlier 
simjilc span. In doiilile leaf bascules, howovi»r, a lock called a shear tnek, 
is used at tho junction of the two leaves. The purpose of this look is to 
make both leaves deflect e(|ually anti thus prevent n tlifleronco in eleva- 
tion at tho center duo to load on one hmf only. The maximum shear 
passing through this lock wilt occur wlwm tho maximum loatf is on one 
leaf witii no load on tho other. For different memtiers of tho bridipn 
difftwent lorn! groupings will tletermine the profxir shear look stre^ to bo 
consitlorod in conjunct ion with tho live load stress. The most convenient 
way to calculate these stresses is to plot a stress diagram of the leaf with 
a unit load at tlie shear lock and then for each possible placing of tho 
live load, dt4.ermine the pressure on the shear look. This shear lock 
pressure (for any given load placement) times the stress in any memlxir 
iluo to unit loufl at the center is clearly tho shear lock stress in tho given 
member for tho loading considered. This figure is not always to Ikj 
added to tho live loatl stress, however, as it frequently happens that tho 
shear ItJtfk tlettreases rather tlmn inertmses tho live load strt'ss. An 
examination of the loading retpureil for any cortain strtss will soon show 
> Hon Art. 8a. 
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Imi what values are to he combined to ^ve the maximum. Shear lock 
stresses and methods for their calculation will be discussed in more detail 
later. 

In those eases where the two leaves are locked for moment as well as 
for shear, the bridge when locked becomes to all intents and purposes a 
fixed sfmn and should be so analyzed. 

When double leaf spans are provided with an anchor arm and an 

uplift reaction or anchor (to counteract the 
tendency of the live load to overturn the 
moving leaf about the forward support), a 
close adjustment of the finished anchor 
blocks is needed in order that the anchor 
may not come into play before the forward 
support takes its load. If it does, it throws 
an excessive load on the trunnions and their 
supports by throwing the entire upward 
reaction into the trunnions so that the entire 
live load is supported on an upward reac- 
tion at the trunnion and a downward reac- 
tion at the anchor. The only other available 
upward reaction is the forward or live load 
support, and this support rather than the 
trunnion, should furnish the necessary up- 
ward reaction under fuU live load (see Fig. 
2S). The anchors, therefore, should never come into play until the cen- 
ter of ^avity of the combined live and dead load passes the live load 
shoes. The anchor columns constitute a downward reaction and since 
the shear lock cannot be counted upon for upward reaction (on account 
erf the possibility of full live load on the far leaf), the moving leaf, under 
live load, miBt be coniridered as a beam overhanging two supports. 
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Brfoie any live load comes on the moving leaf, the center of gravity of 
(ami, therefore, the whde of) the dead load is centered at the trunnion 
(see 1%. ■tt). When the live load comes on the leaf, the center of gravity 
of the emnUned live and dead loads mov^ away from the trunnion 
towud the forward support and each of these supports (trunnion and 
ftHwurd bearing) then takes its proportion of the total (see Fig. 41). 
When the live load becomes heavy enough to balance the whole structure 
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over t(w forwiml BupiKJrt, tlu; load on the trunnion Ix'comes zero. When 
Ht ill nu»re liv«> load ia added, the unehor bracket coniea into play, exerting 
a downwar«t n'aetion and the forward aupijort takes all live an<i dead 
load and in ad<lition a load equal to the negative reaction on the anchor. 
All of these ciwt'M are susceptible of cahnilation by aiiiiplo statics. They 
all <lejM»nd, however, on the iwljustment of the anchor to such a position 
that the same Is-gins to take loa<l at the time when the live load just 
brings the eimter «if gravity of the condniuHl liv(? and dead loads to tho 
forward Ixuiring and thus takes the tlelleetion outof the trunnion supports. 

In order to ulttain this ailjustrnent, it is nt'ceaaary to set tho anchors 
so that there is some clearance between tho ancltor bracket on the moving 
arm and tho anchor on the pier. 

It is customary to cushion tho anchor with a resilient substance such 
as white oak blmTks. This will cjmij)r«'B8 a c«*rtain amount under tho 
maximum uplift which it is called ujion to carry. 
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When in the unloatiotl state, there is some defiectioti in that {xirtion 
of tho counterweight arm Isstween tlie trunnion and the anchor bracket. 
There is a greater dellection in this arni when tli<^ center of gravity of tho 
combined live ntui d(*ad toads fall at the live Ioa<! hIkk* Is'caum* in tlu^ (irst 
case, the coimterw<'ight arm is a cantilever suptmrted at the trunnion and 
in the wieond eius*, it is cantilevered clear from tho live load shot}. Tho 
increasetl span gives llm greater delleetion. 

As the trunnions carry the full dcuul Uiatl at ail times, when there is no 
live lontl on the tnoving leaf, tliiTe is considerable deflection in tlH» trun- 
nion sup|x})rts. During the time that the centi^r of gravity of the dead 
and live lumis is moving from the trunnion forward toward tlte live 
toad shoe, ihit tomi on the irimnion supfsirts is deereusing and the main 
trunnit>}» girder is rising ilue to this lessening of tho load on tlie trunnions. 
This will allow the span to rotuUt almut tho live loa<l shot} as a pivot and 
raise tlie ancluir braeket In pro|Jortion to tho rise in trunnion siipfwrts. 
The ris«} in the anchor bracket is equal to the rise in the trunnion (duo toa 
portion of tho deflection tieing taken out of the trunnion girder) multiplied 
by tho ratio of the »listanco from live load shoo to anchor bracket to the 
distance from live loail shoo to trunnion. In order, then, to find the 
correct etoarance at whieh to set the anchor blocks, it is necessary to 
know; 
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(1) The difference in the dead load deflection of the anchor arm 
when supported at the trunnion and when supported at the 
live load shoe. 

(2) The difference in deflection of the trunnion girder at the 
trunnion supports under no live load on the span and with 
full live load on the span. 

(3) The ratio of the distance from the live load shoe to the center 
of the anchor bracket to the distance from the live load 
shoe to the center of the trunnion. 

(4) The amount of compression caused in the oak anchor blocks 
by full live load reaction at the anchor. 

The clearance between the anchor bracket and the anchor blocks 
should be: The rise at the anchor due to the difference in deflection of 
the trunnion girder under no live load and under full live load; less (a) 
the difference between the deflection of the counterweight arm with 
support at live load shoe and with support at the trunnion and (b) the 
amount by which the oak blocks compress under full live load uplift on 
the anchors. If this gives a negative result, the oak anchor blocks would 
be under some compression before any live load came on. This, however, 
would prevent the live load shoes from coming to a firm bearing and would 
cause a chattering when the live load came on the span. Consequently 
it is better in such a case to set the anchor blocks to just touch at the 
instant the live load shoe comes to bearing. In practically all cases, it 
^ will be found that a clearance of from to % 

u ^ g in. is needed between the anchor and the an- 

"7 chor blocks. 

^ 15. Dead Load Stresses. — The greatest 

difference between the dead load stresses in 
^ an ordinary framed structure and in a bas- 

jtjg, 42 . cule bridge lies in the fact that the bascule 

must be designed to stand at any angle between 
the horizontal and the vertical position. The next point of differ- 
ence is that the bascule has but one point of support so far as pure dead 
load is concerned while for live load, it has two or three points of sup- 
port and for wind load in the open position and for operating stresses, it 
has two other points of support. 

In aU these stress calculations, the graphic solution by means of 
Maxwell diagrams will probably be found to be the simplest and quickest 
method. It is sometimes necessary to calculate one or two of the stresses 
analytically and place in the diagram the value thus found, in order to 
have the complete diagram in one piece. It is perfectly feasible, how- 
ever, to obtain all the stresses graphically, but in the case of a trunnion 
support within the truss, such as is illustrated in Fig. 42, the stress in 
member L7-L10 cannot be determined directly by working back from 
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the forward end as there are three unknown forces at both panel points 
U1 and L7. This stress must either be obtained by taking a section A-A 
and a center of moments at panel point UQ and calculating the stress 
in the bottom chord from the loads to the right, or else by constructing 
a separate Maxwell diagram for the counterweight end and taking the 
value thus found and substituting it in its proper place in the diagram 
of the forward end. 

Another point to keep in mind in determining the stresses in a bascule 
truss is that if the dead load stress in the horizontal position {Sn) is of the 
same sign as in the vertical position {Sy) there will be a dead load stress 
(>S^Max.) larger than either, occurring at an angle of opening 0, where & = 

tan“"^ The value of this stress is given by the formula /SMax. = 

y / This will not affect those members which have a large 
proportion of live load as compared to dead. The most seriously affected 
members will be found to be those adjacent to the trunnions. 

16. Wind Load Stresses. — There are two main points of difference 
between wind load stresses and the other stresses in a bascule span. 
The iSrst is that there are always two points of support, namely, the trun- 
nion and the main operating pinion. The second is that the wind loads 
can always cause stresses of either sign in any member of the frame. If 
the wind is from the channel side and puts tension in a certain member, 
the changing of the wind to the shore side will put compression in that 
same member. It is very seldom, however, that wind load enters into 
the final design of any member of the truss proper on account of the provi- 
sion in most specifications allowing a 25 per cent overstress under wind 
load. 

The amount of wind against which a bascule leaf must operate has 
long been a mooted question among designers. The governing wind 
velocity should not be the maximum for the locality but should be the 
greatest at which it is possible for shipping to use the channel. This is 
about 40 miles per hr., and is equivalent to a wind load of 5 lb. per sq. ft. 
It is possible that under some conditions there might occur heavier wind 
loads while the leaf is up, consequently the following velocities and 
equivalent pressures are generally used in designing: 

Design truss to stand upright under wind load of 15 lb. per sq. ft., or 
velocity of 69 miles per hr. 

Design truss to stand horizontal under wind load of 30 lb. per sq. ft., 
or velocity of 97 miles per hr. 

Design machinery for wind loadings as set forth in chapter of design 
of operating machinery. 

In all the foregoing values, the formula P = 0.0032 has been used 
for computing the wind pressure. 

^ Pagon, W. Watters, Trans. Am. Soc. C. E.j vol. 76, p. 73. 



48 


MOVABLE AND LONG-SPAN STEEL BRIDGES [Sei 


17. Floor Design. — Stresses in the floor system of a basctile 
from those in an ordinary floor in that provision must be made to su 
the floor when in the vertical position and to transfer its load to the 



Horizon-h/ girder 



Pkan 


Fig. 43. 


This can be accomplished in any one of several ways. The most 
used method at the present time is to provide, at the floor beam 
the lower end of the open portion, a girder of sufficient strength t 


channef 


Approach 



the total load of the floor to the trusses at that panel point. W 
bridge is down, this girder will be horizontal, lying usually just be 
floor and is generally termed the horizontal girder (see Fig. 43). . 




y'Asphah 



.^Laminafed 

decking 


Fig. 45. 


method is to make each floor beam strong enough laterally to ' 
part of the floor load to the trusses. The stresses occasioned 
either system are easily calculated and need no comment. 

The floor beams are usually built-up sections and the stringe 
beams or built-up sections framed in between. The stresses 



Sec. 1-18] 


BASCULE BRIDGES 


49 


of these are easily calculated. The sub-flooring is generally of wood and 
fastened to the stringers and floor beams by bolts to prevent slipping 
during the operation of the bridge. The finished floor or paving may be 
either wood block, an asphaltic compound, or even plank. 

When the floor is composed of wood blocks, each piece shoidd be toe- 
nailed to the sub-floor and light angles placed at intervals across the 
roadway to assist in supporting the floor blocks when the leaf is up (see 
Fig. 44). Where asphalitic compounds are used, care must be taken to 
see that there is sufficient key to hold the paving of the leaf to the sub- 
floor. It is nearly always sufficient to build the sub-floor with uneven 
sizes of flooring and thus provide a key to hold the paving (see Fig, 45). 

Some care must be taken to prevent moisture from seeping through 
the wearing surface of the deck and rotting the sub-floor, as this sub-floor 
is very hard to repair on account of its inaccessibility. Where the span 
carries street railway traffic, the problem of supplying the necessary 
support for the tracks and at the same time, waterproofing the sub-floor, 
becomes quite complicated. These problems, however, are not limited 
to bascule construction, but are common to all bridges and therefore, will 
not be treated here. 

18. Erection Features to be Considered in the Design. — In many of 
the commercial, patented types of bascule spans the point of rotation is so 




arranged that there is an equal deflection of both ends of the main trun- 
nions as the load is applied and removed. In the trunnion girder type of 
simple trunnion bridge, the deflection of the main girder causes a tipping of 
the trunnion boxes. Consequently, these boxes must be so placed under 
no load that they will be level under full dead load (see Figs. 46, 47 and 48) . 
This can be accomplished by either of two methods. First, the boxes may 
be set on the girder in exact position and bolted firmly in place and the 
bore then made with a portable boring bar set on an angle. Second, the 
thickness of shim plates may be calculated sufficient to bring the boxes 
to line under full dead load and then the boxes carefully machined for 
height to center of bore from base and for diameter of inside of bushings 
in order that each pair may be in line. The latter method is theoretically 
perfect, but practically impossible to obtain. The first method gives a 
line through the center of each box not parallel to the base of the box. The 
best method is to calculate the shims, bolt the boxes to the girder with the 
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ealculated shims in place, and then bore the trunnion holes for the bushings 
witli the Ix^velcd shims in place. 

All the foregoing work should be done in the machine shop and all 
parts carefully match marked if dissembling is necessary. If not, the 
girder with the boxes still in place should be moved to the site and placed 
without disturbing the boxes. 

The alignment of the girders should be as nearly perfect as is possible. 
After the bases for the girders are set and grouted to exact elevation 
and as near to line as can be,^the girder should be placed in approximate 
position and direct measurements taken with a long tape to establish the 


distance center to center of girders and 
then the longitudinal center line of each 
girder placed exactly at 90 deg. with the 
center line of the roadway and the dis- 
tance girder to girder, back-checked. 
The successful and economical opera- 
tion of the bridge depends in a large 



Fig. 48. 



Fig. 49. 


measure on the placing of the boxes and the lining up of the main 
girders. 

As the line of the trunnions will not be at right angles to the final 
plane of the trusses untU the fuU dead load is on the boxes, it is not wise 
to place part of the steel and attempt to rivet as erection proceeds, 
mctically the entire steel work should be in place and held by bolts 
before riveting begins. For instance, if the counterweight ends are placed 

Swl . flu ^ distance 

to!! ^ materially shorter than 

which goes between these ends due to the inclination of the 
trunnion boxes with the horizontal (see Fig. 49). If this piece is riveted 
jn by reaiMg Ih, bote, it will iM the outer ends too far apart to receiVe 

-at Of the lateral ayate^'^Ltf.irom'* 0^“,^^ Zt™ 
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buckles. These laterals are unbolted, the trusses pulled into line, and 
held with the blocks or turn buckles until the laterals are reamed and 
riveted, thus holding the leaf to the proper meeting laterally. Errors 



"‘i. of leaf A 


Fig. 50. 


in the relative levels of the adjacent leaves, as shown by super-imposing 
section A-A on section S-JS (Fig. 51), are corrected by bringing both floor 
beams to a level line by means of adjusting the main diagonals which are 



Floor beam A solid 
Floor beam B ddHed 



'''These rivets 
/ea HU after 
adjustment 


Fig. 51. 


not riveted. If the two floor beams are then not at the same elevation, 
they are brought so by adjusting the shims under the forward bearing or 
live load shoe. Any slight error in elevation of the adjacent leaves can 
be corrected in the planking and floor near the ends. 


Y 



Y 

Fig. 52. 


The same general method is also true for single leaf bridges when 
testing and correcting the meeting of the leaf with the far approach. 

19. Coimterweights. — In the balancing of the span each leaf is con- 
sidered separately and the procedure is, therefore, the same for single 
leaf as for double leaf spans. 
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The amount of counterweight required for balancing any span 
susceptible of accurate computation as soon as the individual weigh't>^ 
of the different members in the bridge are known. The process 
computing the amount of counterweight is a long and painstaking oper^*^ 
tion. A sample of counterweight calculations is shown on pip. 121 
123 inch 

After the structure is completely detailed, the weight of each pieo^ 
and its distance from each of two axes through the center of rotation 
carefully calculated and the moment in two directions computed abou"^ 
the center of rotation. 

These two axes should be at 90 deg. with each other for convenience 
and should be taken through the center of rotation. One horizontal and 
one vertical axis is the most convenient combination to employ. Hori-- 



Fig. 53 . Fig. 54 . 


zontal moments on the channel side of the center of rotation are usually 
considered plus and on the counterweight side minus. Lever arms above 
the center may be considered plus and below minus (see Fig. 52). The 
calculations for these moments should be close enough to include every 
rivet head, bolt, etc. — ^in fact, every item which occurs on the moving 
portion of the structure. 

The total moment of everything except the counterweight itself is 
computed and then, the distance to the vertical center line of the counter- 
weight being fixed by the dimensions allowed for the counterweight, it 
is possible to find the amount of counterweight required. With this 
weight and the vertical moment which it is necessary to balance, it is pos- 
sible to determine the required position of the center of gravity of the 
counterweight in the vertical direction, keeping in mind the fact that the 
line through the center of gravity of the counterweight and through 
the center of gravity of the rest of the moving span must pass through 
the center of rotation. 

The line from the center of gravity of the counterweight through the 
trunnion to the center of gravity of the rest of the moving span (every 
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thing except the counterweight) will be a continuous straight lino in the 
simple trunnion and fixed counterweight types. In the Strauss heel 
trunnion, overhead counterweight with the parallel link motion and the 
counterweight rigitlly fixed to the counterweight frame (see Fig. 24, p. 
25), the above line will l)e offset from the trunnion at the heel to the 
trunnion of the counterweight frame, but the two parts of the line con- 
necting th<^ centers will Ixi parallel. In the pivote<i counterweight, 
simple trunnion tyjK', the line dm*s iu)t run to the center of gravity of the 
counterweight, hut to the center of the counterweight pin, as that is the 
[X)int at which the load is applied. In the cjiae of the pivoted counter- 
weight tyjw, it is not necessary to bring the center of gravity of the 
counterweight to any fixed {xiint in the vertical line for so long as the 
total weight is correct, it can l>o affixed to the hangt'r at any convenient 
height and will exert the correct force on the counterweight pin. This is 
ilhjstrated in Fig. 63 where the overheatl counterweight moves vertically 
and in h'ig. 54 where the underneath cotmterweight is pinned to the 
counterweight arm. In the iiall vertical lift ty|je, as illustrated in Figs. 
25 and 2(1, ri. 2tl, the line is through the center of the rolling wheel, the 
counterweight eetiter of gravity and tht* jxant of ctmtact of the operating 
frame and the truss. In the Hall bascule, as illustrated in Fig. 13, p, 
1(1, the line is through the center of the roller, the center of gravity of 
the counterweight ami the eiuiter of gravity of the moving Icid. 

When the preliminary layout and calculations were made, the sise 
and shafM? of tlu* counterweight was fixed as closidy as jmssihle. At that 
time, the location with rt'Sjxwt to the ri'st of the truss was decided upon 
HO that the center of gravity of the eountcrweight would fall at the 
geometrical center of the mass, thus giving a homogenetms mixture (tf 
concrete ami reitihircenient throughout the whole ctmuterweight. This 
tamdiiiou, however, is rarely if ever realised when the final details ami 
counterweight calculations are comph'ted. 'rhe desired cemter of gravity 
of the e<ninterw«nghl maw* is almost certain to vary far enough from the 
gf*ometrieal jKMiition of the center of gravity of the counterweight enclo- 
sure to require the use of different densities of concrete or gidleriM and 
otsmings in the eounterweight. In many cases in aetu^ practioe, it has 
IxH'n observed that the final pcMitton of the center of gravity is almoet 
always almve the ipmmetrieal location of the center of the counterweight 
making it necessary to lighten the Isittom of the mass or inerease the unit 
weight of the to|> tM>rtion in order to Itring the eimter of gravity to the 
required height. This means that the top must Isi placed higher than was 
anticipated ami in the east' of the timlernenlii eounterweight type, this is 
sotnettnii>s a serious problem, t 'onsequenlly a very good rule U> follow 
is to allow rmmi in the originni design to vary tlie vertical location of the 
counterweight mass either up or down by 6 t»i 0 per cent of its vcrtic^ 
dimension. 
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In all discussions and illustrations of bascule spans, it is customary 
to consider the line which passes through the centers of gravity of the 
moving leaf and the counterweight as passing through the exact center 
of the trunnion. In actual practice, however, this condition is seldom 
obtained or even desired. It is more often desirable to have the center 
of gravity of the total load on the trunnion in such a position that the 
motors are working only half of the time of operation. 

This allows the center of gravity to be placed in either of four quad- 
rants, as shown in Figs. 55a, 6, c, and d. The two last take too much 



CGJnckisecf/ 

jposSti^ 


Trvnnton-' 


fDbfance ihrot^whkh 
Aj^ofors masi lift the 
'x brk^ toopenori ‘ 


-....f-CO. b? cpen 
posiftorj 


DtsfcBice throu^ 
motors hft the 
bric^ toopenordose 



“ff'unTvoji 


'(Idindosed 

'posihon 


CGhchsecf DtsfarKe thnt^ ^ CGmopen 

position ^ motors owsf ( P^s/non 

^8'- ll 


Trtmmm 



I 

throegh 

1 '’CG.mop^n CG.mchsecf motors mdorsnust 
position position Off fhe bridge 

jr I (Sric^dr/ffsshut) 

(d) 

Fig. 55. 


power and, moreover, involve an element of danger, and can be dropped 
without further consideration. In Fig. 556, the bridge starts open of its 
own accord if not locked and requires the application of power upon clos- 
ing until the far end of the leaf is clear into position. Both of these 
conditions are rather undesirable. The first, because the bridge may 
become unlocked and swing open of its own accord, and the second, 
because the application of power to the motors the instant that the shoes 
come to bearing may cause serious overstress in the machinery, or the 
truss. The condition illustrated in Fig. 55a is probably the better 
because the bridge swings closed of its own accord after it is half down and 
only needs power during the first half of the operation unless working 
against wind. The operator can, therefore, start the leaf down, shut 
off the motors and devote his entire attention to the brakes to bring the 
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leaf to an easy seating with the assurance that, once seated, it will not 
swing open without the application of power. 

The distance at which the center of gravity should be placed from 
the trunnion is such that it will cause a moment just sufficient to turn the 
leaf against the friction of the bearings and the free running machinery. 
This friction is about 15 to 20 per cent of the weight of the moving span. 
As the friction moment is Wrk (where W == the load on the trunnions, 
k the friction coefficient of the trunnion in its bearing and r the radius 
of the trunnion), the distance x ahead of the geometrical center of the 
trunnion at which it is necessary to place the actual center of gravity 
(c.g.) is such that Wx = Wrk, Therefore, x = rk^ or (assuming k = 
0.15) X = O.lSr (see Fig. 56). The distance necessary above the center 
of the trunnion is the distance to the 
intersection of the vertical through the 
center of gravity (c.g.) with a line making 
an angle d/2 with the vertical through the 
center of the trunnion. This insures 
that the force holding the bridge fully 
open is the same as the force holding the 
bridge fully closed and that the same 
amount of power is required for opera- 
tion in either direction. 

The additional power required on 
account of lifting the span through the 
distance h (Fig. 56) is very slight and, 
as the motors are designed to operate 
against a wind load many times greater 
than this friction and unbalanced load, they will never be seriously over- 
loaded on this account. 

The matter of obtaining afieldcheckonthe weight of the counterweight 
as it is poured is an item of construction engineering, but the provision 
for seasonal variation in the amount of counterweight needed, should not 
be overlooked in the design. 

Experience has taught that an allowance of 2 to 3 per cent each way 
from normal should be made. This is done by placing pockets in the 
counterweights in such positions that small balance blocks may be added 
or taken away as desired. In the summer, the heat dries out the floor and 
the counterweight is then too heavy and blocks must be taken out until 
the desired balance is obtained. In the winter, water, snow, ice and 
mud accumulate on the span and blocks must be added to counteract the 
added load. On small bridges, these blocks should be of such size that 
one man can handle them — say about 75 lb. apiece (see Fig. 57). On 
large bridges where two men are usually on duty, a block twice this size 
may be used. They should be detailed with a handle for carrying, and 
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the handle should be within the outline of the cube so as not to interfere 
with the stacking of the blocks. In this connection, it is well to see that 
the balance or adjustment holes are in such a position that the blocks 
cannot shift during operation, as this might easily cause serious damage. 

In computing the amount of concrete required to balance the struc- 
ture, it is customary to consider first ordinary stone or gravel concrete, 
using a unit weight of about 142 lb. per cu. ft. in the preliminary 
calculations for outside dimensions and to provide 
for a space equivalent to 102 per cent of that actu- 
ally computed. There is then an allowance of 2 
per cent for seasonal variation if the final unit 
weight is the same as the preliminary. If, how- 
ever, the final figures require a lighter or a 
heavier unit weight, or a combination of lighter 
and heavier, it may be necessary to adopt some 
of the less common aggregates. Light concretes 
can be made from crushed tufa rock, volcanic rock of different kinds, 
cinders, crushed brick and many other light mineral substances. Heavy 
concretes can be made by the use of blast furnace slag or by using punch- 
ings and small scrap from structural steel shops mixed in with the other 
aggregate. Following are some notes on test weights of samples of differ- 
ent aggregates which will show the method of obtaining the data sought 
and will also serve as a rough indication of what unit weight can be 
obtained by the use of the different aggregates: 
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Test 

block 


Size 


Cubic 
contents 
(cu. ft.) 


Mix 


Gallons 
water 
per cu. 
yd. 


Initial Weight at Weight at 
weight 7 days 14 days 


Total I Unit Total Unit | Total | Unit 


la 

2a 

3a 


2^X2'X2' 
2' X2' X2' 
2'X2'X2' 


8.00 I 1:3:6 

8.00 I 1:3:6 

8.00 I 1:3:6 


28.7 

28.7 

28.7 


1715.0 

1690.0 

1761.0 


214. 4| 1705 
211.31 1685 
218.9 1740 


213.1 
1210. C 
217.5 


lb 

26 

36 

46 


2'X2' X2' 
2^X2^X2^ 
1.58X1. 68 
XI. 58 
1.58X1.58 
XI. 58 I 


le 


2c 

3c 


4c 


!6.03''^X 
11.30" 
6.0'VX 
6.78" 
!6.03"^X 
I 11.84" 
6.04'VX 

I 12.16" 


8.0 

8.0 


4.0 

0.19 

0.11 

0.195 

0.20 


! 1:2M:5 


1165.0 145.5 1162.5 144.0 1149 

143.5 

i 1:2:5 

! 


1197.5 149.5 1184.0 148.0+186 

148.5 

1:2:4% 

23.1 + 

600.5|150.0 591.5 148.0 

591K 

148.0 

1:2%:4% 

23.1 + 

592.5 148.0 589. o| 147. 5 


147.0 

Kt run 

1:5 

All scoria 
1:4:4 

Sand scoria 
1:4:4 

All scoria 
• 1:3:3 



17 1b. 
7}'^ oz, 
10 lb. 

93.2 

91.1 



2 oz. 

21 lb. 

1 oz. 

19 1b. 
14H oz. 

107.2 

98.8 


(a) Slag concrete from Fremont Avenue Bridge Sei 
Bridge* Astona. (c) Scori; ■ conni-fifa 


(6) Gravel concrete from Youngs Bay 
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Tho blocka in iwries a were mixed with blant furnace aiag aa coarse 
aggregate, and bank sand as fine aggregate. The slag was orusheil to 
2ta in. and under. 

The blocks In series b wen' mixed with ordinary, 213 in. and under, 
river gravel (of a finemws mcnlulus of 7.35) ns coarse aggregate and ( ’ohim- 
bia Iliver saiui for fine aggregate. 

The blocks in series c were mixe«l with a very light volcanic st'ornt 
from Mt. Talmr, near Portland, Ore. The material was crushed, screened 
and repra[>ortioned in the last three cases anti in the first, was used as 
bank«run -that is, without sertrening anti reproisirtioning after crushing. 
As this material was very s«)ft, the unit compressive strength of the 
blocks was very low. If this kind of material were used, it would require 
complete protection by means of a closet) ciumtt'rweight box. 

It is, of courre, possible to use other materii^s than concrete for mak- 
ing counterweights. Cast iron is the medium most frequently resorted 
to outsitlo of concrete. This material will generally «>st in the neighlHir- 
htxxl of from 2 to 3 cts. per lli, laid down on the work. Concrete of gravel 
or crusliet! rock weighs very close to •l.tJOO lb. jsjr cu. ytl. and, at a price 
of frtim $ 12 to *20 |H'r eu. y«l., would cost from 0.3 to 0.5 cts. jier lb. which 
shows tliat the concrete has a decided ailvantage whenever there is room 
to uw' it. As the available s|»aoe decreiises, it is always liest to use as 
much of the cheaji material ns iMwsible and make up the difference with 
the more ex|s'nsive. Hera|i sti*el rails weigh -180 |b. |M'r cu. ft. anti can 
usually lie Isiught at almul the priec of east iron. One |Kiint in their 
favor Is that they make excelteiit material for tying the concrete of the 
counterweight together. 

In selecting the counterweight material, attention shoultl Is* given 
to the fact that where the counterweight swintpi Is'low the water and 
needs a |ilt, and, where for any reason a redimtiun in the sise of the 
mninterwelght means a reiluctiun in the overall dlnieniiitins of the piers, 
it may lie advisalile to luie a heavy unit weight and save more on piers 
than is s(ient on exiiensive counterweight material. 

Doiif n SpociflcgtioDi PocuUar to BoMtUot. The (xiints in which 
the design s|iecifications for a lauicule spanshould differ from those for any 
fixed structure are in regard to the operation ctimlitions. Hucli tsiiiits 
Ml alternate and eombined striHiaes. slenderness ratios, the use of net and 
gniss is'ctions, minimum retiuirements for thiekness of metaJ, siso of 
angles, rivets through fillers, sul»-|iunching and reaming, and the like, 
arc the same as for a fixeil structure. In addition to these usual 8|iecih- 
cations, there should la* provisions made for; 

( 1 ) Im{Mtct allowance of >111 |s'r cent at the anehorapi, which will inottauw 
the design stnus in the anchor columns and in the counterweight arm. 

(2) A clause providing that the anchor eduntn sbotilf) engage a mass 
of masonry weighing not Itw than twice the maximum computed uplift. 
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(3) Wind load in any direction when the leaf is raised. This is 
usually taken at 15 lb. per sq. ft. over the projected area. 

(4) Stresses caused by center lock on double leaf designs. These are 
determined by the use of an empirical formula which gives the amount of 
shear assumed to be transferred from the loaded to the unloaded leaf 
by the center lock in those designs which have provision for shear and 
not for moment at the center. This formula is as follows: 

where 

S = shear carried by center lock. 

P = any concentrated load. 

A = distance of P from forward bearing. 

L = length of river arm from forward bearing to floor beam at 
center of channel. 

When the overhanging leaf is a truss, P becomes the panel load, A the 
number of panels between P and the forward bearing of the loaded truss, 
and L the number of panels in the overhanging arm. The computations 
are then quite simple. 

(5) Unless hydraulic or pneumatic cushions are to be employed, oak 
or other suitable material should be used for bumping blocks at the upper 
and lower limits of travel to deaden the shock of contact when the leaf is 
fully opened or closed. 

(6) An allowance of 20 per cent of the dead load stresses should be 
added when opening to provide for vibration stresses. This will probably 
govern the design in only a very few members, but should not be neglected. 

FOUNDATIONS FOR BASCULE SPANS 
By Phil A. F ranklin 

21. Conditions Peculiar to Bascule Spans. — There are several points 
in which the foundation design for a bascule span differs from that of an 
ordinary bridge. These differences are caused by the shifting nature 
of the load. When the foundation for the moving leaf consists of a 
forward pier and a rear pier, not connected at the base, the only effect 
of the changing position of the loads is to increase the direct pressure on 
one pier and decrease it on the other. If, however, the foundation is a 
unit as in Fig. 19, p. 20, the shifting of the load decreases the pressure 
at one face of the footing and increases it at the other, and the result is a 
rocking action that is different from the straight vertical action when the 
forward and rear piers are not connected. 

In those structures having a fixed center of rotation, such as the 
Chicago type simple trunnion and the various types of Strauss bridges, 
this shifting action occurs only under live load. In the rolling and semi- 
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rolling lifts, such as the Scherzer and Rail types, the shifting action 
occurs under dead load when opening as well as under live load. 

In considering the shifting action due to the live load, it is unneces- 
sary to consider the internal arrangement of the piers or superstructure. 
The only data required are: 

(1) The total weight and center of gravity of the pier and super- 
structure. 

(2) The area and shape of the base of the pier. 

(3) The total weights and centers of gravity of the various live 
loads which are placed on the roadway to obtain maximum 
conditions of loading. 

The shifting of pressure under live load occurs, in general, with all 
double leaf bascules whether they have a fixed or moving center of 
rotation. In single leaf bascules, the passage of the live load merely 
increases or decreases the vertical load on the support and, as the truss 
is supported at both ends, does not cause a tipping action as in the case 
of a double leaf structure which has a cantilever arm. 

In considering the action of the dead load during operation, it is 
readily realized that with a fixed center of rotation the point of application 
of the dead load of the superstructure remains fixed and that therefore, 
the resultant dead load of the pier and superstructure does not move. 
In the types which have a moving center of rotation, the dead load of 
the superstructure is always applied at the point of contact of the roller. 
The maximum dead load footing pressure at the forward footing or edge 
of the unit pier occurs, therefore, with the span closed and at the rear 
footing or edge of the pier with the span open. 

The consideration of wind load often gives the maximum design load 
on the footing especially when the center of area of the raised leaf is at a 
considerable distance above the bottom of the footing. 

The items to compute in finding the maximum footing loads are then 
as follows (keeping in mind that the ‘^toe pressure” on a unit pier cor- 
responds to the '^imit load on the forward pier” in a design having two 
piers per leaf, and that ‘^heel pressure” on a unit pier corresponds to the 
''unit load on the rear pier” in the two pier design) ; 

Dead Loads 

(1) Toe pressure and heel pressure, leaf down. 

(2) Toe pressure and heel pressure, leaf up. 

Live Load 

(3) Toe pressure and heel pressure, full live load on approach 
and fixed portion, no live load on moving leaf. 

(4) Toe pressure and heel pressure, full live load on moving leaf, 
no live load on approach or fixed portion. 

(5) Toe pressure and heel pressure, full live load on approaches, 
Gxed span and moving leaf. 
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Load (Leaf raised to fuU open) 

(6) Toe pressure and heel pressure with wind from river side. 

(7) Toe pressure and heel pressure with wind from approach side. 
The combinations most likely to give maximum loads are (2), (3) 

and (6) for maximum heel pressure and (1) and (4), or (2) and (7) for 
maximum toe pressure. Case (5) may give a higher load^ under the 
center portion of the unit pier than either of the above combinations, or 
may give a higher load on both piers of the two pier design than any of 
the above combinations, although the last condition is hardly probable. 

Figure 58 illustrates the pressure 
diagrams on the unit pier for the 
above seven conditions together 
with the various combinations just 
mentioned. 

The difference between the re- 
sults here obtained and what would 




Fig. 58. 


apply to a rolling lift would be due 
to the fact that Diagrams 1 and 2 
would be materially different. Dia- 
gram 1 would show maximum prejs- 
sure at the toe as in the figure 
shown, while Diagram 2 would very 
likely be just the reverse, showing a 
maximum pressure at the heel and 
thereby increasing the total heel 
load in the combinations of 2, 3 and 
6. This means that the churning or 
rocking action would be greater with 
a rolling lift type than with a fixed 


trunnion type. If, however, these 
maximum pressures are well within the safe load on the foundation, 
there is little danger of serious settlement from this action. It may per- 
haps be easier to proportion a footing in a restricted area for the fixed 


trunnion type than for the rolling type if the foundation is so soft as 


to require the extensive use of piling to carry the loading. 

When the unit pier is composed of a four walled box set on a tremie 


concrete seal which covers the whole area of the pier base, it is not possible 
to vary the unit foundation pressure very greatly. Varying pile spacing 
can sometimes be employed to obtain the proper distribution of loads, 
but on solid foundations, the only thing which need be certainly deter- 
mined IS that the maximum pressures are well within allowable limits. 
However, the tremm seal is usually confined to soft bottoms where piling 

must be used and m that case varying the pile spacing takes care of the 
varying loads. 
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When foundations are suiEciently solid to permit of high bearing 
pressures, the imit pier can be most economically designed by using a 
trapezoidal footing in order to have a wide base where the pressure is 
heaviest and a narrow base where the pressure is lightest, thereby keeping 
the maximum soil pressure nearly uniform throughout the whole structure 
and assuring an even settlement if there is any tendency in that direction. 

This type was employed in the piers of the Eastlake Avenue Bridge, 
Seattle, Wash., and is illustrated in Fig. 59. 

Piers which have no churning action and where no watertight pit need 
be provided, present comparatively few diflSiculties. For that reason, 
they will not be discussed further. There are, however, several points in 
connection with the design and construction of watertight counterweight 
pits and of piers on soft bottoms to accommodate such pits, that may well 



Fig. 59. 


be discussed more fully. The following discussion will, therefore, be 
confined to a pier to support one leaf of a double leaf trunnion bascule. 
The counterweight is hung under the approach roadway. The break 
between the fixed and moving floor is several feet ahead of the trunnion 
and the counterweight arm is so long as to require the use of a watertight 
pit. The foundation material is of such a nature that piles are necessary. 

The best general method to follow in the design of such a pier is to 
determine as closely as possible by preliminary sketches and calculations 
the size of the pier outlines. The location of the forward, main and rear 
(or anchor) columns will be fixed by the dimensions of the moving leaf. 
The height of the pier will be determined by the distance from the road- 
way grade to foundation elevation. The distance from side to side of the 
pier will be governed by the width of the roadway and the question of 
number and width of sidewalks together with the desired location of 
machinery and operating houses. The actual size of the cross-section 
of the various columns will be governed more by considerations of propor- 
tion than by the actual loads coming upon them. The main columns 
must support the grillages under the girder which carries the trunnion 
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bearings. The main girder is braced to this grillage to withstand the 
overturning effect due to wind on the upraised leaf. The grillage must, 
therefore, be long enough to distribute the overturning moment to the 
column without overstressing the masonry. This will generally result 
in a main column which is larger in the direction of the roadway than 
would be necessary for the direct load. 

If the pier is high on account of deep water or because of a roadway far 
above water level, it will be advisable to have one or more sets of heavy 
horizontal beams running around the pier to brace the columns and act 
as supports and stiffeners for the floor and walls of the counterweight pit. 

The size and spacing of these columns and the depth of the pit will 
give the designer a basis for making a close estimate of the dead weight 
on the piling. 

As was mentioned before, a bottom so soft as to require piling will 
very likely be too soft to stand in open excavation and will, therefore, 
require a tremie concrete seal before the cofferdam can be pumped 
out. The depth of concrete required in this seal is such that the weight 
of concrete just offsets the head of water on the bottom of the seal. 

62 5 A 

This will be (with a 1454b. concrete) where h is the static head of 

water on the bottom of the seal. The ratio of 62.5 : 145 is approximately 
0.43. This thickness is reduced by some designers on account of the 
holding power of the pile heads around which the tremie seal is poured. 
This holding power is usually taken at about 100 lb. per sq. ft. of area 
of pile which is surrounded by concrete, not including the cross-sectional 
area of the top surface of the pile. Care must be taken to see that suffi- 
cient penetration will be secured to allow this bond to be effective. 
Short piles might pull out under a less uplift than would be occasioned 
by the above bond value. The required depth of the seal cannot be 
lessened from a consideration of low porosity of foundation material 
because if the foundation is not porous, no seal is required and if it is 
porous at all, the slightest leak under the footing will, in a short time, put 
the full static head on the seal. 

With the ordinary pier, the trial outside dimensions for the seal 
should be just sufficient to allow easy working room inside the caisson 
and outside the pier forms. This size will usually be found sufficient to 
cover the required number of piles. If necessary, a slight extension of the 
forward edge to accommodate an extra row of piling can be added after 
the preliminary calculations are made. 

The bottom of the concrete should be deep enough to prevent all pos- 
sibility of scour undermining the seal and exposing the piling. In ordinary 
navigable waters, this is usually 6 to 10 ft. below the bed of the stream. 

With the preliminary sketches made from the above information, 
the seven conditions of loading mentioned at the beginning of this article 
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may be calculated and the proper combinations made to determine 
the maximum pressures at the toe and heel of the footing. This pressure 
must be taken care of by the use of piling and suflicient piles must be placed 
under the pier to take the entire load of the pier and truss. The buoyancy 
of the concrete may be deducted, but no allowance should be made for the 
water displaced by the volume of the inside of the counterweight pit as it 
is quite possible that the pit may at sometime become full of water. The 
fact that the pier rests on the piles when the cofferdam is pumped out is 
not an argument against considering buoyancy because the dead weight 
of the moving leaf is seldom ever added until after the caisson is either 
flooded or removed entirely. 

22. General Description of a Typical Bascule Pier. — ^Whether the 
footing course is a tremie seal or two trapezoidal footings each carrying 




one forward column, one main column and one anchor column, the con- 
struction of the balance of the pier is the same above the top of the 
footing. 

Figure 60 represents a plan of a unit pier taken just above the top 
of the footing and several feet below the bottom of the watertight counter- 
weight pit. It shows the three columns on each side of the roadway 
and the general outline of the structure. Figure 61 is another plan of 
the same pier taken just above the bottom of the counterweight pit 
and shows the walls of the pit, the beams under and around the pier sides, 
and the concrete blocks cast on the floor of the pit to receive the oak 
bumping blocks which limit the travel of the leaf when opening. Figure 
62 is a cross-section of the pit on the center line of the roadway and shows 
the relation of the main girder to the truss and shows also the location 
of the platform which carries the operating machinery. 

At the rear end may be seen the steel anchor columns which engage 
the brackets at the rear end of the truss and provide the necessary reaction 
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against uplift under full live load on the overhanging arm. At the for- 
ward side may be seen the live load shoes which rest on the forward column 
and take the bearing of the live load from the truss. The relation of the 
fixed floor to the moving floor is also shown, as well as the method of 
supporting the fixed floor on the main trunnion girder. The general 
outline of the pit is also apparent as is the method of bracing the columns 
with the large horizontal beams. The slope shown on the top of the 
tremie seal is such as is to be expected when the seal is poured from the 


center and allowed’ to flow to the sides of its own accord. This slope is 
variously found to be from 1 in 6 to 1 in 4. Allowance in design should, 
_ of course, be made to care for whatever 



slope occurs and the top should be 
levelled off for the columns after the 
cofferdam is unwatered. At the rear 
of the pier is seen the platform by which 
access is had to the anchor columns for 
the adjustment of the anchor blocks. 

23. Counterweight Pits. — In the de- 
sign of the counterweight pit, the first 
requirement to be met is that of water- 
tightness. This is accomplished by 
making the walls extra thick and of high 
grade and dense concrete or sometimes 
by pouring an outer surface of mortar 
at the same time the inner portion of 
the wall is poured. Neither method 
should ever be used except under the 
most rigid inspection. One bad gravel 
pocket in a pit wall or floor is a most 


■TIG. 62. ocrious conciition. W hen designing such 

• , n pit, reinforcement should be orovided 

gainst outward ^ well as inward pressure as it may be desirable to test 

Wore the cofferd^ 
taken out. This aUows the small leaky spots to be detected marked 

anL?T^ the water is let in around the pier 

and oftentimes saves an otherwise poor job. If the waterproofing consists 

ofZ^uSl pl.te'^th‘5' r “““ “““S' 

placed in the main part of the wall anti concrete is 

^ s“nrt! 
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This method of waterproofing is very exacting and requires infinite 
pains and constant supervision. The results usually justify the ex- 
pense, however, as the pits where this method has been used have 
been completely dry when once pumped out. The customary thickness 
for this type of mortar facing is 6 in. A less thickness might work very 
nicely, but would be too difficult to obtain with accuracy. Pit walls 
should in general be as thick as the static head of water would call for, 
but never less than 18 in. In the event of slight leaks, it is reasonable 
to suppose that in time enough silt and minute vegetation will settle 
in the crack or leak to close it. 

A pump and motor are always placed in the waterproof counterweight 
pits to drain them of any water that may leak through the walls or drip 
into the pit from the roadway above. These pumps and motors need not 
be large, in fact, a 2-in. centrifugal pump with a 3-h.p. motor is ample for 
almost any pit where the lift is less than 22 ft. Above this, the size of 
the pump and motor should be increased slightly and the pump placed 
in the pit and attached to the motor by means of a vertical shaft in 
order to keep the motor above water and yet obtain the full efficiency of 
the pump. 

In all bascule piers, it is necessary to have a set of buffers to catch 
the moving leaf at the limits of travel and cushion the jar caused by 
bringing the leaf to a sudden stop. White oak is one of the best and most 
easily obtained materials from which to make the buffer blocks. These 
blocks are generally located in the anchor columns for stopping the bridge 
in the closed position and in the bottom of the pit between the main 
columns for stopping the bridge in the open position. In determining 
the location of the lower buffers, great care must be taken to so place and 
reinforce their supports that the shocks and impacts are transferred to 
the floor and columns in a manner that will not crack the pier walls. A 
pier wall once cracked would mean the driving and unwatering of a 
cofferdam to repair the damage and might require the entire reconstruc- 
tion of the waterproof pit. It is customary to locate the bumper blocks 
on the floor of the pit against long ridges of concrete cast integral with 
the pit floor immediately above the heavy beam between the main 
trunnion columns and to anchor these ridges to the rest of the floor with 
plenty of reinforcing to insure them against cracking away on account of 
shrinkage or shocks. Across the face of these ridges is placed a heavy fir 
timber extending from side to side of the pier. The white oak blocks 
are bolted to this fir timber and can thus be removed and renewed should 
they become battered or decayed. 

Hydraulic and pneumatic shock absorbers have also been used with 
considerable success for work of this kind. 

24. Anchor Columns. — The anchor columns are a very important 
part of the pier and next to the main trunnion girder are probably the 
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most difficult part of the structure to place and maintain in a correct 
position during the pouring of the concrete. They are always the first 
part of the structural steel to be placed and their bases must be set to 
exact grade and hne long before the concrete is brought up to the height 
necessary for placing the main trunnion girder. These columns must 
l>e exactly on the center lines of the trusses, as their location fixes and 
determines the line of each truss across the moving leaves. They are 
usually made of four angles with a diaphragm, the legs of the angles 

being turned away from each other in order 
to permit of the detailing of a rigid seat against 



which to land the anchor brackets on the mov- 
ing leaf. The bottom end of these columns 
should have a spread base to assist in engag- 
ing the desired amount of masonry as anchor- 
age against uplift. The top extremity has a 
diaphragm of sufficient length to develop 
the strength of the column in tension and is 
stiffened by numerous vertical angles riveted 
to the main column angles and to the dia- 
phragm. These stiffeners and the diaphragm 
plate in turn carry a horizontal bearing plate 
at their lower edge. This plate is provided 
with holes through which to bolt the shock 
blocks used to deaden the impact of quick 
closing. Hand holes should be provided 
through which to reach and remove the bolts 
holding these bumper blocks. These hand 
holes can usually be placed in the diaphragm 
above the block. The tops of the columns 


are up under the floor and therefore, far above 
H the base. It is very difficult, therefore, to 

Pig. 63. maintain correct alignment during the pour- 

ing of the anchor column concrete and espe- 
cially hard to prevent the columns from twisting about the vertical axis, 
A general detail of an anchor column is shown in Fig. 63. 

Trenue Seal. The easiest foundation to construct is one which 
can handled in the dry without the use of extensive cofferdams. This 
condition is rarely encountered in bascule bridge construction principally 
on account of the fact that in order to need a bascule span, the water 
must be navigable and navigable water is usually fairly deep. 

There are several types of cofferdams and caissons in common use for 
placing foundations under difficult conditions. 

Where the area of each pier is small in relation to the depth and where 
the small section can be carried above high water, the steel shell and air 
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lock method workn very nicely, but when the art'll is large or when the 
wliole area of the pier muHt In* floored Ik'Iow low water, the trinnie aeal, 
in general, haw proven the k'at luethotl of preparing the eoffenlain for 
unwntering. The only reason for st'iding the bottom of th(> uofTerdam is 
to allow it to l«> pumiM'd out without its leaking. Heeause this tyfw of 
foundation construction has been so oftt'u usetl with pile ftiotinga, it i.s 
Hometimes rather hartl to tlissociate the iilea of a tn'iuie seal fmm that of 
piling in the base. However, if a pier is to Ik' hiunded on coarse gravel 
aittl bouhlersor very si'iimy Imt hard rock, it would Imi obviously unneces- 
sary and im|K»<sil)le to drive piling, but also impossible to pump out a 
plain caisson. Buch a case calls for a tremie seal just as truly as dts's a 
pier which is to Is* founded on silt or other soft material, ri'tiuiring long 
piling at minimum spacing to carry the load. Hoth these cases will 
tievelop full static head on the iHJttom of the seal. In all orilinary depths 
of wab'r, as has just been stated, the tremie seal will givis the Is'st results. 
As the depth iucri'iises above .10 or tMJ ft., the amount of concrete rcipiired 
for till' seal iH'iiomes excessive and other schemes must Ix) invcstigateil. 

'rt»> depth of concrete retiuirtul in a tremie wal is tlie amount riupiireti 
to tHumteract the static head of water on the iKJttom of the si'id. The 
depth of such a mass of concritte will be to the static head as the mat 
weight tif liie water is to ttie unit weight of the concrete; or, for all ordi- 
t}2 hh 

nary casi's, d <" O.dSA, whi^re d >• depth of concrete and h ■« 

heiul of water, Tliere are several faetors affecting the selej*tion of the 
di'pth of si'al ri'fpjired which are outside the foregoing [lurely theortdical 
eoiisideration. First, the pile heads (if fiiles are used) will have a bomi 
in the concrete which has been variously estimated at 50 to blO lb. jxir 
sq. ft. of pile surface In the concrete. Hecond, the caisson, if excavated 
from within, and forced down through the soft strata until the cutting 
edge is at the bottom of the footing will have a decidcul friction ufKut the 
shies of the excavation. Third, it is very easy to ljuihl Ikixi's around 
the sitlcg of the caisson and fill them with stone or gravel to hold down the 
caisson against the uplift. The second ami third oases can be usetl to 
assist in hultling against the static head only when the inside tif the cais- 
son is so arrnngeti that the seal cannot lift without lifting the whole 
oaisstm. The IkhkI on the pile heads can Ixi used at ItX) lb. {xir sq. ft. of 
pile surface (cxct'pting, of course, the top surface of the pile). These 
throe factors atltled toother may gt'uerally lie counted upon to reduce 
the depth of the seal to 75 per cent or even 00 per cent of that theoreti- 
cally nsqulix'd to balance the static head. When a pier is to !» foumled 
on a solid hut {Kirous bottom and when practitiiUly no excavation is 
neeiiod, it is necessary to send a diver down to stop up the small gaps and 
ofHmlngH around the bottom of the caisson between its lower o<lge and the 
foundation surface. Otherwise, the cement from the concrete is washed 
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away and the resulting gravel pocket robs the pier of that much footing 
area. These holes may be stopped with sacks of sand or with wooden 
lagging; the former for small openings and the latter for the larger 
openings with perhaps a combination of the two for some cases. The 
same procedure must also be followed when the caisson is set into a 
previously dredged area sufficiently large to allow the placing without fur- 
ther excavation. This case is often encountered where there is a large 
dredge available to make the excavation and no equipment reasonably 
available with which to dredge out the cofferdam from the inside. An 
example of such a case is where a bridge is to be built over a waterway just 
being dredged through a formerly shallow lake. The dredge which is 
working on the channel can swing over and take out the pier excavation 
at a very low cost as compared with the usual cost of pier excavation. 
A combination of the two methods is sometimes advisable where the 
natural contour of the bottom is so rough as to be likely to warp the 
caisson out of shape should it seat hard on one corner before bottom was 
reached on the others. In such a case, the bottom is leveled off, the 
caisson sunk and the rest of the material dredged from the inside, the 
caisson being forced down as the dredging proceeds. The determining 
factor between the above methods will be the relative cost of the various 
ways of obtaining the same result. If equipment for inside dredging is 
on hand, and payment is to be made only on material inside the neat 
lines on the pier (as is usually the case), the price for first dredging a large 
hole would have to be exceedingly low in order to command consideration. 
Again if a dredge were in the neighborhood and would submit a fair price, 
it might not pay the contractor to procure inside dredging equipment. 

A careful study of these questions wiU usually determine without much 
doubt which is the best method to pursue. 

In deter mi n i ng the amount of excavation to make, it must be remem- 
bered that, if piles are to be driven, the level of the bottom of the excava- 
tion inside the cofferdams will be raised materially during the process of 
driving the piles. This is more noticeable with jetted piles than with 
those not jetted. It is also more noticeable when the outside piling are 
driven first (no jet being used). The volume of such material forced 
upward by the pile giving is, with jetted piles, about 75 per cent of the 
volume of the pil^ in the ground and, with driven piles, about 40 or 50 

per cent of the volume of the piles in the ground. 

For instance, with a pile spacing of 3 ft. each pile has a tributary area 
of 9 sq. ft. Using jetted piles with an average diameter of 133^ in the 
jolunte of the pne is 1 cu. ft. per ft. of length. With the bottom of 
the pile at -90 and the bottom of the concrete at -36, there is a 
penetration of 54 ft. or a pile volume of 64 cu. ft. This on an area of 9 
sq. ft would ^ve a depth of 6 ft. The actual pHe sweU from an observed 
case having the above figures was 4H ft., or 75 per cent of the actual 
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volume of the pile in the ground. The difference between the behavior of 
jotted and driven piles is due to the fact that practically all material 
from the jotted hole is washed to the top while the driven piles force only 
a {Mirtion of the material up, compacting the rest. To allow for the 
alK)ve condition, it is customary to excavate below the desired depth a 
sufficient distama' to allow the pile swell to bring the earth ba<!k up to 
tht^ tlesirt'd level, thus eliminating any subsequent dredging in and among 
tlie pile hea<ls. This, of ('ourst', presupposes a fairlj’’ accurate knowh'dge 
of th<^ rt‘(iuire<l iMuietration ami indeetl no important structure should 
1 m‘ started until tliorough investigation has been made into the foundation 
conditions whicdi surround the site. 

In consiilering the advisability of sheet pile vs. crib, the question is 
again one of cost. As a usual premise, it may be stated that the deeper 
the water, the less showing the sheet piling can make. Steel sheet piling 
ar(! much more satisfactory than wood, but in most localities wood is 
more plentiful and, therefore, much cheaper. Blu'ct piling can compete 
with timber crib work in ordinary water up to dO ft. deep, but for greater 
depths than this, the inside bracing in sluH't pile! cofferdams becomes 
increasingly difficult and the cost mounts up in proportion, making it 
ailvisalde to a<lopt the more complicated process of building and sinking 
cribs or caissons. Wlum the cost of building the two types is very nearly 
tapial, the she<'t pih* wilt probably show up b<dtt‘r in moderately stiff 
ex<;avation, and the crib will probably show up to Ixitter advantage in 
Vi'cy soft or silty liottoms. This last is because of the fact that it is safer 
iti stiff soil to excavate inKi<le well driven sheet idling than inside an 
oiKui (‘aisson, which (jf m'cessity is not as watertight around the outside 
lad ween the soil and the wood. In very soft or silty foundations, the 
wat<u‘ cannot be pumped out on account of the porosity of the bottom, 
therefore, it is easier to sink a crib by dredging inside than to drive sheet 
piling which have to he braced as dredging out progresses and which will 
not in general have a bottom support sufficiently stiff to support the 
lower ends. 

26. Operator’s Houses. — The operating houses of a haH(!ule span 
must, of n(!C(!HHity, be placed on the fixed portion and therein they differ 
from those on a swing span or a vertical lift bridge. Moreover, they 
cannot ho placc'd above' tlu' roadway on its center lino because if they 
were the upturned leaf would shut off the operator's view of the channel. 
Neither can they be placH'd in the face of tlu' pi(!r below the dock because 
the operator must watch the roadway. The only available space is at 
one side of the roadway close to the front of the pier and either at or 
above the k'vel of t he roadway. 

This makes it desirable that four houses bo built if the structure is to 
bo an ornamental one. If it is merely for utilitarian purposes andesthe- 
ties are neglected, one or two operating houses can generally be made to 
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serve the purpose. If four are built to give balance to the design, one 
may be used as the operating house proper, one or two may be used as 
quarters for the operator and the others used to store the equipment and 
supplies needed about the bridge. When quarters are provided, they 
should be roomy, well ventilated and lend themselves easily to frequent 
and thorough cleansing. The inside finish and plaster should be of the 
very best and capable of standing years of very severe usage. The main 
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operating house will have to 
contain the operating manual, 
hand brake, switchboard, desk 
and chairs, gages, current indi- 
cators and the like. In short, 
everything necessary to the 
proper operation of the bridge 
should be placed in this one 
room and so arranged as not to 
obstruct the view of the opera- 
tor from the channel or the 
roadway. On all ordinary elec- 
trically operated bridges, this 
usually requires a floor area of 
about 8 X 12 ft. as a minimum; 
10 X 14 ft. is better, but above 
that there is usually too much 
distance between the different 
pieces of apparatus for eflSlcient 
operation. 

The operating manual is 
located in front of the window 
which looks across the chan- 
nel. The switchboard may be 
edgewise behind the operator 
as he stands at the manual 
and should be out of his lines 


A XI. . down the 

M tT’k ^ is shown 

r.; h?' ^ right ride and so 

fS, switchboard when using it. 

\ ammeters and voltmeters may be on the 

sSf “f ”* 'ri" d<^ag the 

r^mg of the leaf They can be read by an observer when any serie«» of 

^ be needless to say that all available Ikht 

should be seouxed and to this end, the house should oonsist 
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and full glass walls from tho wiiitlow sill height to the ceiling. Heat must 
always be provitltni, ami wiiere electric heat is notavailable, coal, wood, gas 
or oil may bo used. Wl«>n the bridge is electrically ojxwatotl, there is 
oftentimes a minimum charge for power on which the auumnt of current 
consumed by an electric stove luia very little effect. For this reason, 
eh‘etric heat is matiy times the <djeapest ns W(‘ll as the most th'sirahlo 
from the standpoint of cleanliness. Heat should also be provitled in tlie 
living (juarters as well as plumbing for toilets ami wash basins. These 
are stHut'tinww platnnl tlown insith* the pier wheni a large unit eonende 
pier is used. The soil pijw from sueh fixtun'S should he t-arried down to 
1 ft. l>elow water level and all fixtures slumhi b<t vemted with pipes 
throtigh tho roof. Hunning water can usually he takim from tivo flre- 
pnitoetion system. If tliero is no such protection, steps should bo taktm 
to see that there is adequate means provitled to keep water on hand at 
all times. 

27. Pier Fenders.— -While pier fenders are not essential to tho opera- 
tion of bascules, they arti necessary in narrow channt'ls as safcgtiards both 
to th<» piers a«id t«» navigation. In fnet, their value is so univt'rsaliy 
reetjgnixed in sueh locations that the War Dejjarttmmt in grantittg (wr- 
missiun to construct hritlges across navigalile wattws t»f tlm Ihuteti Htates 
ret juires that tho plans of the feiuhw Ims sluiwtj akmg with tlio rest of tho 
britlge. They shoultl have wing walls extending up an<l dowti stream and 
hack toward tho shore, thus preventing shi|>piiig from eoming into (ton- 
tact with the {)brs and interfering with the ofstration of the nujvahlespan. 
In order that boats conitng into collision with tlie htnders, may lie guided 
into tho chantutl witiumt disastrous results, it is customary to make the 
wing walls at about -1.1 deg. with the center line of the channel. The 
usual constructiou is timlsir piling from 4 to 8 ft. on (tenters with a h(‘avy 
tifulmr along tho top and the fa(!o toward tho chamiol sheathed with 
lighb'r plank so platsul that thent are o{Hmings l>{'tw(t(«n tije slieathing or 
waling pioces for the passage of water without damage to the facing, 
'f’lie piles must have ntsilieruty ('tiough to give urnktr the impact of ship- 
ping and tho top 8ho('r Htrak(t and the waling must be strong enough to 
transmit tho load to tho piles without breaking and thus allowing tho 
boat to crash through, wreck the fonder, and reach the bridge proper. 

Practically all largo cliannols today have a minimum depth of water 
of 30 ft. Some have more. This 30 ft. represents tho unsupported 
longth of tho fender piles. Tlioy should theroforo Im (luito luiavy and 
thoro should also bo a seven or nine pilo dolphin at oaeh corner of tho 
fonder and at each intorsoction of pior protection and wing fender. Piles 
ap{jroximately 18 to 18 in. at tho butt should lie used and driven to 
sufficient penetration to cause them to break off rather than pull out 
under a horizontal load. The sheer strako along tho top should to not 
i(»« than 10 X 14 in. Iwjltod to every pile head and to tho waling piece 
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agaiast its lower edge. The waling should be 4 X 12 with joints broken 
on every third or fourth pile so that no two adjacent waling pieces will 
be jointed on the same pile. They should be bolted to not less than 
two piles in each dolphin with which they come in contact and spiked 
to the other fender piles with not less than three boat spikes at each 
intersection. 

The top of the pier protection should be about 4 ft. above high water 
and the lowest waling piece just at, or just below, low water. 

That portion of the fender directly in front of the piers may be bolted 
to the face of the piers or be carried on piling driven in front of the pier. 

Bolting the waling and supporting pieces to the pier saves a few feet 
on the length of truss required to span a given clear channel, but the pile 
protection is a more resilient fender and will be safer in collision as it 
does not transmit its shock to the pier. Whether pile or frame fender is 
used, the wealing pieces and sheer strake should be of the same size as on 
the wing walls and fastened to their supports in the same sturdy manner. 



With the frame protection, it is best to place those blocks which are 
in contact with the masonry in such a location that they will transfer 
their load to a part of the pier least liable to be affected by repeated 
impacts from heavy boats. The pieces laid across these blocks should 
support a secondary set of timbers in such a manner that no shock could 
come into the final blocks except through the bending of the timbers. 
The sequence of fastening will then be from waling to wahng timbers, 
from waling timbers to distributing timbers and from distributing timbers 
and thence to the pier. This furnishes a resihency 
hich ten* to lessen the shock of impact and thus save the bridge and 
pier from injury. ® 

In wide channels or in locations where the bulk of the shipping can use 
approach piers, it is sometimes found advis- 

^ter level they may extend far enough out of the water to be quite a 
detnment to the appearance of an otherwise handsome structure. ^ 

a Dier !! ^ bascules requiring 

a pier with enclosed walls need a pier protection much more than do the 
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t.vpt'8 which can bo supported on simple piers. The unit pier with its 
comparatively thin walls is much more susceptible to shock and injury 
than the solid single pier which presents a very much narrower face to 
the line of navigation. The heavier single pier is, however, much more 
liable to damage a Iwit than is the pile or timber protection of tlie unit 
pier. 

In conclusion, let it Iw saiii that when a pier fender is required, nothing 
but the liest is worth while. A fendc'r of light atul insufficient construc- 
tion is a wiiste of money atul affords a false sense of sectjrity which may 
rt'sult in an accident that would have toen guarded against had there 
Iwen no fender. 

Figure 6.5 shows the jK*rfinent rletails of a i>ier fender used by the 
writers in 1921. 


COMPLETE STRUCTURAL DESIGN OF A DOUBLE LEAF SIMPLE TRUN- 
NION deck: bascule highway bridge 

Ilv I'Hll. A. Fkanki.in 


28. Data. 

28a. General Description.— The structure considered in 
this design is substantially the same as illustrated in Fig. 66 and is a 
ilouble leaf trunnion bascule highway bridge. The particular type chosen 
for this problem is that designated as "Tytie 6” in the statement of the 
Chicago Bascule Bridge Company (sen p. 2.3). Any other of the simple 
trunnion types would involve a design procedure no different in principle 
from that hereinafter describe<l. 

There will 1 m» two concrete fners — one pier on each side of the channtd 
- each pier carrying one leaf and its appurtenant machin<!ry. I'Jach 
leaf is ojMiratcKl by ehictric motors geared to pinions which engage 
racks in the planes of tlm trusses. There are two motors for each leaf 
directly connected with each other and to the machinery. When in the 
lowered position and ofKm for traffic, the two leavtts are locked together 
at the center. When tlie leaves are in the raised position, tlie roadway is 
protected by electrically o{»erated roadway gates. The op<‘ration of the 
center lock is interloektHl with the roatlway gab’s and the o|)erati<m of 
raising the leaves is interh»cked with the operation of the center lock, 
making it necessary to Itjwer tlie gates lieforo the center look can Ixj 
drawn and then to <lraw the center lock before the leaf can be raised. 
There are f<mr liouses on the two piers- one on each side of the 
roiutway at each pier. One of tliest* houses contains all the control 
apparatus the bridge, one is the operator's tiuariers and the other two 
are for storage. 
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Fig. 66. — Youngs Bay Bridge, Astoria, Oregon. 
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28#i. Governing Dimensions. 


Clcjir <'h»nm*l jit wiiU'r Uuc 150 ft. 0 in. 

(’U'nr cluiniH'l nt tip of riUHtnl leaves 120 ft. 0 in. 

Elevation of roadway surface +52 ft. 0 in. 

IjOW title — 3 ft. 0 in. 

Iligli tid«‘. +10 ft. 7 in. 

Prolmhle wave crest +12 ft. 0 in. 

Bottom of existing eliannel —24 ft. 0 in. 

Bott«mi t»f prtjpowHl channel —33 ft. 0 in. 

Bottom <»f piers. —38 ft. 0 in. 

Clear witith of roatlway 20 ft. 0 in. 

Minimum pile spacing. 2 ft. 0 in. 


28c. Loads. — The structure will Ik* designetl to carry its 
tiwti deatl loatl, profs-rly tlistrihuted, togtdher with the six'cifitul Hvo 
Itiatls, without exceeding in any part the allowable unit stresses as given 
lati‘r. 

Dmil Loorf.— The tlead load consists of the estimated weight of tho 
entiw^ structure. Plain tuidK>r is assumed to weigh (for design purposes) 
4 lb. {M'r b. ft., coticrete IfjO lb. p<*r (tu. ft., and creosoted timber .5 lb. pcfr 
1». ft. 

IJiw Lnntl. — ’’I’he live load (^onstHts of a uniforn» load of 80 lb. per sq. ft. 
and two I5-toii trucks of the following dimensions: Distanct' ladween 
axles 10 ft., wheel gag«‘ 0 ft, Two-thinls of the loud on tho rear wheels. 
Space occupied by th<' truck 20 ft. l<*ng ami fl ft. wide. 

hnpnct. 'rhe c>t»mpute<l live loinl stresses ar<> increasi'd by tlu' follow- 
ing {M're<*ntag<'H in or<ler to provide for the dynamic increment of strt'Hs 
due to moving loads; 


Floor stringers 00 per cent 

Intermediate fhior lM>anis .50 per eent 


String<‘rM an<l floor iH'ains at Imuik in fhsir, . , 100 {K*r emit 


The maximum live loud stressi's in the trusses are increased by a jKircent- 

age obtaine*! by the formula P (jx'rcentagt!) «> ^ where L *» 

the lotwled length of bridge in feet producing tho maximum stress in 
the memlmr. When the bridge is in motion, or open, the dead load 
Htress«*s are inereaseil by a flat 20 per cent to provide for vibration 
affects, etc., etc. 

Impact at Anchorage . — Tho computed uplift stresses in the anchorage 
at the heel of the anchor arm are not increa^d in accordance with tho 
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above formula, but receive a 40 per cent increase. The anchorage detail, 
however, is attached to a mass of masonry weighing not less than twice 
the amount of the computed uplift. 

Wind Load . — ^When in the closed position, the bridge is designed for a 
lateral load of 450 lb. per lin. ft. of bridge, of which 150 lb. is considered 
acting on the upper chord, 150 lb. on the lower chord, and 150 lb. acting 
in the plane of the roadway surface. These forces are all considered as 
moving. When in the open position, a wind force of 15 lb. per sq. ft. is 
considered as acting in any direction. The stresses caused by the above 
specified lateral forces are not increased for impact by any percentage 
such as given by the formula above. 

For stresses produced by longitudinal or lateral wind forces combined 
with those from live load, dead load and impact stresses, the allowed 
unit stresses may be increased 25 per cent over those given in the 
table of allowed stresses, but the section shall not be less than would 
be required if the wind forces were neglected and the 25 per cent increase 
not allowed. 

Shear at Center of Bridge. The amount of shear transferred from one 
leaf to the other through the center lock is assumed to be the amount 
given by the following formula: 


where S = shear carried by center lock. 

P = any concentrated load. 

A = distance of P from L6 (horizontal). 

L = length of forward arm (IS to Ll horizontal). 


i. Stresses.— The size and make-up of each 

memter ^all be proportioned for stresses due to the following loads and 
combinations of loads: ^ 

(1) Dead load only, 

(2) Dead load, live load and impact. 

Po. “I”'*’ Pintl loadings. 

given in the following table shall not be exceeded: 



Sec. l-2Sd] 


BASCULE BRIDGES 


77 


Stkucttjral Steel 


Kind of stress 

I 

Permissible 
stress for 
combined 
loads, dead, 

^ live and im- 
pact (lb. per 
sq. in.) 

! 

Permissible 
stress for 
dead load 
only (lb. per 
sq. in.) 

Ajcial and bending tension on net section of : 

Structural steel 

16,000 

12,000 

Upset bars and rods where not annealed. 

12,000 r 

9,000 ^ 

Ajdal compression on gross section ^ 

16,000-70“ 

12,000-50- 

(L = unsupported length of member in inches) 

T 


Direct compression on: 

Cast-steel bearing and structural steel plates 

16,000 

12,000 

Cast-iron blocks. 

14,000 

10,000 

Bending on: 

Extreme fiber of pins 

24,000 

18,000 

Shearing on: 

Rivets and turned bolts in floor connections, shop and 
field 

8,000 

12,000 

6,000 

10,000 

Pins and shop rivets, except in floor connections. 

Turned bolts and field rivets except in floor connec- 
tions 

10,000 

12,000 

8,000 

1 10,000 

Web of girders, net section i 

Web of girders, gross section 

10,000 

8,000 

Bearing on: 

Rivets and turned bolts in floor connections, shop and 
field 

16,000 j 

12,000 

Pins and shop rivets, except in floor connections 

24,000 1 

20,000 

Turned bolts and field rivets, except in floor connec- 
tions. ... 

20,000 

16,000 

Expansion rollers, per lin. in 

500d 

450d 

(d = diameter of the roller in inches) 




^ “ shall not exceed 100 for main members nor 120 for subordinate members. 

T 
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Reinforced Concrete 

Reinforced concrete shall be designed for the following permissible unit stresses 
in pounds per sq. in. : 


Kinds of stress 

Permissible stress 
for combined 
loads, dead, live 
and impact (lb. 
per sq. in.) 

Permissible stress 
for dead load 
only (lb. per sq. 
in.) 

Steel reinforcement in tension 

16,000 

12,000 

Steel in compression, 15 times stress in sur- ! 

rounding concrete 



Steel in shear i 

12,000 

0 

9,000 

0 

Concrete in tension. I 

Concrete in compression due to bending 

650 

500 

Concrete in bearing 

Concrete in shear, beams having no shear rein- 

400 

300 

forcement 

Concrete in shear (diagonal tension), beams 

40 

30 

having shear reinforcement of bent-up bars 
and stirrups 

120 

90 

Bond of concrete and deformed bars 

100 

70 


Allowable Static Pressure on Masonry 

Unreinforced mass concrete may be loaded as follows : 

1: 5 concrete 500 lb. per sq. in. 

1:2:4 concrete 650 lb. per sq. in. 

28^. Counterweights. — The counterweights shall be so 
designed that they will balance the moving part in all positions and so 
fashioned that they can be easily and properly adjusted for variation in 
weight by adding or removing definitely located weights. They shall be 
of concrete construction, built on and around a structural frame thor- 
oughly reinforced and hooped, or else encased in steel boxes. 

28/. Anchor Ann Lateral System. — The lateral bracing in 
the plane of the lower chord will be designed to extend to the trunnions 
as well as to the anchorage at the heel of the truss and will be proportioned 
to carry the full load to either point. 

28p. Buffer Blocks. — ^Both the anchor buffer blocks and the 
blocks for stopping the bridge in the open position are to be made of 
sound, well-seasoned white oak, entirely free from knots or other 
imperfections. 

Other details of design and fabrication are according to the ordinary 
rules for such work as found in the various specifications for the design 
and fabrication of steel bridges. 
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29. Design of Floor System. — The mathematical work involved in 
the design of flooring, stringers, and floor beams is exactly similar to that 
for any fixed highway span, and need not be given in full at this point. 
Following is a brief synopsis of the floor system design for the problem in 
hand. 

29a. Flooring. — The type of flooring selected will consist of 
a laminated timber sub-floor supporting a croosoted wood block wearing 
surface. If a 5-ft. stringer spacing be assumed, a 2- X 6-in. decking will 
he ample to carry the maximum loading. If an asphaltic wearing surface 
were to be employed, the. 2- X 0-in. decking would prove rather deficient 
in stiffness and might cause a cracking of the surface. In this case, a 
deeper deck or a closcw stringer spacing would be highly advisable. For 
this problem, the flooring will be assumed to consist of a 2- X 6-in. 
laminated d('ck supporting a lij^-in. croosoted wood block wearing surface, 
making in all, a thickiu'ss (wlu'n sized) of 9 in. 

29h. Stringers and Floor Beams. — These arc designed in the 
ordinary manner with the following results: 


D.b 7,700 

b.1 39,200 

Impact 23,500 


Total 


70,400 


H<H:tion modulus reciuired (70,400) (12) -t- 16,000 = 53.0. Use five 


lines of Ifl-in., 42-lb. 1 -beams. 

D.L 58,000 

L.L 153,000 

Imi)a<!t (60 per c(*ut) — » 92,000 


Total 303,000 


16,000 = 227. Use a 


■Me'. 


:^j 


Section modjilus required (303,000) (12) 

26-in., 90-lb. Bethlehem section. 

The end floor beams carry piwd-ically the — 
same dead and live loadings, i)ut the sp<}ci- 
fications provide for a 100 per cent incrc- 
mont for impact. The total maximum 
moment is, therefore, almut 360,000 ft.-lb. 
and the above 26-in., 90-Ib. beam must be 
stiffened by the addition of flange plates top and bottom. Plates, 
10 X in., will prove more than ample. 

Figure 67 indicates the live load floor beam reaction assumed in the 
foregoing calculations; Figs, 68 and 69, the assumed placement of trucks 




Fkl 67. 



80 MOVABLE AND L0N6-SPAN STEEL BRIDGES [Sec. 1-29 ?j 

for computing the maximum live load moment on floor beams; and Big. 
70 is a sketch of the flange plates adopted for the end floor beam, showing 
the assumptions made in computing the section modulus of the saint. 






S3' 

Fig. 69. 






The stringer at the break in the floor has a maximum overhang of 
4 ft., as indicated in Fig. 71. Assuming a dead load of 275 per lin. ft. of 
stringer, the moments are as follows: 

Ft.-lb. 

D.L. moment (275)(4)(^)(12) = 2,200 

L.L. moment (10,000) (4) (12) = 40,000 

Impact allowance (100 per cent) = 40,000 


Total design moment 


82,200 
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'riuH moiuoni ruciuiros a section modulus of 61.1. The 15-in., 42-lb. 
I-st!ction used for the rest of the stringer system is only slightly under the 
above requirement and may, thereiore, be used for the overhanging 
portion as well. (The total stress is 16,700 lb., or only 700 lb. above the 
allowable.) 

29c. Horizontal Girder (Fig. 71).— Assume 1)4- X IH- X 
J^-in. angles nailed to tlic sub-floor, at 24-in. centers, transverse with 
roadway, to support the blocks. The dead weight of the floor which 
comes on the horizontal ginh'r wlum the leaf is open is as follows (con- 
sidering the length of the moving floor as 82.6 ft.) : 


Interior stringi^rs | Outside stringers 


Blocks (82.»)(5)(3J(S)(S) 

Flooring (82.3)(6)(8>S()(4) 

Htriugers (82.3)(42), 

Angles for blocks at 1.25 11>. per ft. (1.2.5) (6) (42). 
Flistr beams fl at 90 lb. X 5 ft. 0 in 

Totals, 
or say. 


7,200 

3,600 

0,000 

4,630 

3,460 

3,460 

260 

130 

2,700 

2,700 

22,670 

14,410 


23 kips and 15 kips 


The moments will he as follows (see Fig. 72) : 

(49..5*)(n.5) - (1.'>)(1()) + (23)0')) “ 305 kip-ft. - 3,660,000 in.-lb. 

Assume a web plate 32 X in., 
flame angles 4 X 4 X Bi-. and i4 
flange plates 6 X H in. (see Fig. 71). 

Then, for moment, effective d ■■ 32 — ^ ^ 

(2) (2.02) - 27.96 in. Fm. 72 . 

Flange area web — 1 .25 

1 angle -■ 5,03 

1 plate - 3,76 

10,03 sq. in. 

Deducting one hole, or 1.02 sq. in., will give a net flange area of 8.41 sq. in. 

Maximum liter stress - 3,660,000 + (27.96) (8,42) - 16,600 lb, per 
sq, in. 

Area of web - 10 sq. in. (gross) 

Total shear ■■ 49,600 lb. 

Unit shear 4,960 lb. per sq. in., which is satisfactory. 

a©. Design of Main Truss Members.— Thus far the designing has 
teen of an absolute nature. That is to say, sufficient conditions have 
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been given to enable a correct design to be made without the necessity 
of first making an approximate and then a final calculation before the 
actual dead load was near enough to that assumed to bring the calculated 
stresses within the limit of error. The figures just given for sizes of 
flooring, stringers, etc., are to be used in the actual detailing of the 
structure. In the case of the truss members, however, the procedure is 
different. 

In this case, the weight of the truss is not known with any certainty 
and there is usually insufficient data on which to base even a fair estimate 
of the weight per foot of truss. 

It is therefore, necessary to make a very rough calculation of the 
required sections and use the resulting weights at each panel to calculate 
the dead load stresses for use in designing the final make-up of the truss. 
If on the completion of this second design, the weights are materially 
different from those first assumed, it may be necessary to recalculate the 
dead load stress and alter the sections slightly to conform to the new 
weights and stresses. This is properly a method of trial and error, but 
in practice, it is very seldom that a third calculation is ever necessary. 

The method of procedure will be to compute the weight of the dead 
panel load at LI (Fig. 73) by assuming a weight for the end panel of the 
main truss and adding the floor and other loads above determined. Then 
with this load, the moment will be computed at L2 due to the dead load 
of the truss and to the live load that can come on the end panel. This 
will give a basis on which to calculate the required section at L2. From 
this section, the dead load at L2 can be corrected and the moments and 
section at L3 can be computed. By carrying this process to Z/6, the 
entire weight of the cantilever arm is computed and with these weights 
a dead load stress diagram is laid out. This diagram together with those 
for the live load, wind load and shear lock load give the combinations 
necessary to design the bridge correctly. 

The shape of the truss is governed by the relation of grade to water 
level, by the clearance desired at the center and by the clear channel 
desired. In meeting the conditions at this site, the outline shown in 
Fig. 73 was adopted after various other lengths of counterweight arm, 
depth of truss, etc., had been tried and eliminated for one reason or 
another. 

Figure 74 shows the general outline of the secondary members and 
is useful as a guide in identifying the different members which do not 
appear in an elevation of the truss. 

Placing the standard 15-ton trucks with the rear wheels over the 
end floor beam and loading the rest of the span with uniform live load, 
gives the maximum stresses in the chords from live load. The panel 
loads resulting from this placing are as follows (10,000 lb. being one rear 
wheel load) : 




Scote: a»i«oted 







Fig. 74 



(Follotving Fig. 
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m = (10,000) (2) + (2)(6,000)(^^) = 20,000 + 3,600 = 23.6 kips 

U2 = 6,400 + (15.67 4- 2) (10) (80) = 6,400 + 6,300 = 12.7 Mps 

UZ = (15.67) (10) (80) = 12.5 kips 

U4: = C/5 = 12.5 kips 

C/6 = (7.83 + 3.5) (10) (80) = 9.0 kips 


Figure 75 shows the placing of the live load for maximum chord 
stresses and also for maximum web stresses back as far as panel point 4, 
but not including L4-C/5. 

30a. Preliminary Calculation of Dead Loads. — Dead load 
at panel point C/l-Ll: The floor system weighs approximately 600 lb. 
per ft. of truss. The length of truss tributary to panel point 1 is half 
of the panel 1-2 plus the overhang between panel point 1 and the center 
of the channel. C/1- C/2 is 15 ft. 8 in., half of this is 7 ft. 10 in. The 
overhang is about 8 in., making 8 ft. 6 in. in all. Total weight of floor is, 
therefore, (8.5) (600) = 5,100 lb. Handrail will be assumed at 150 lb. 
per ft., or (8.5) (150) = 1,275 lb. For the lower lateral system 
assume 1,500 lb. at panel point LI, which figure is large enough to include 
the miscellaneous details at this point. Assume the truss or girder to 
weigh about 350 lb. per lin. ft. with stiffeners and rivets, or (8.5) 
(350) = 3,000 lb. The total at C/1 will then be 


Floor 5,100 

Handrail 1,275 

Truss 1,700 (portion tributary to C/1) 

Total D.L 8,075— say 8,000 lb. 


The load at LI will be the weight of the lateral system at that point 
and the balance of the truss. These two items are 1,500 and 1,300 lb. 
respectively, and give a dead panel load at LI of 2,800 lb. 

For purposes of this computation, it will be close enough to take the 
entire panel load at any point and assume one-fourth on the bottom or 
unloaded chord and three-fourths on the top or loaded chord. 

The total dead weight at panel point 1 is 10,800 lb. This gives a 
dead load moment at panel point 2 of (10,800) (15.67), or 169,500 ft.-lb. 
The live load moment at panel point 2 is due to the standard 15-ton 
truck with the rear wheels over the floor beam at C/1 and the front wheels 
toward panel point 2. The center of gravity of the standard truck is 
3.33 ft. ahead of the rear wheels. The total weight is 15 tons. As 
there can be two of them, side by side, each truss carries one full truck 
load. 

The front end of the truck is almost at floor beam 2, so no account need 
be taken of any uniform live load in the end panel. 
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The distance from panel point 2 to the center of gravity of the truck 
is 15.67 — 3.33 = 12.34 ft. and the live load moment is (12.34) (30,000) = 
370,000 ft.-lb. Impact will average about 30 per cent. This gives an 
impact allowance of 111,000 ft.-lb. The approximate total moment at 
panel point 2 is then 169,500 + 370,000 + 111,000, or 650,500 ft.-lb. 

The distance out to out of flanges at panel point 2 has been selected 
as 4 ft. 4% in. Allowing 7.5 in. on each flange for distance to center 
of gravity of flange area gives an effective depth of 38 in. (approximately) 
and a stress in the flange of 650,500 ft.-lb. 3.17 = 205,000 lb., requiring 
a net area of 12.9 sq. in. The flanges may, therefore, be composed of four 
6-X 4-X %-in. angles with one hole out. The net area is 3.28 sq. in. 
each, or a combined net area for the four of 13.12 sq. in. 

The shear at panel point 2 is all of the dead load at panel point 1, 
plus the live load at point 1, plus the dead and live load tributary to point 
2. This is 10,800 lb. + 30,000 lb. + (say) 20,000 lb. dead load at 2, 
plus one-half a panel of live load, or (10) (80) (15.67) -h 2 = 6,300 lb., 
making a total maximum shear of approximately 67,100 lb. The re- 
quired area for the web of the girder will then be 67,100 -r- 10,000, or 
6.71 sq. in. With a depth of 4 ft. 6 in., the required thickness would be 
6.71 -T- 54.0, or 0.24 in. This being too thin to consider, the web will 
be made thick unless the shear at panel point 3 requires it to 

be thicker. 

The weights at panel point 2 are then as follows : 


Floor system 

Handrail 

Web plate 

Flanges 

Stiffeners, say 

Laterals, say 

Rivets and miscellaneous 


(15.67) (600) = 9,420 

(15.67) (150) = 2,400 

(15.67) (54) = 850 

(8) (15.67) (12.3) = 1,540 

= 250 

= 1,500 

= 400 


Total dead panel load of 


. . . 16,360 

say 16,400 lb. 


Dividing this as mentioned above into one-fourth at L2 and three- 
fourths at U2 gives L2, 4.1 kips, and C/2, 12.3 kips. 

Proceeding to panel point 3, the moments will be as follows : 


Dead load 

(10,800) (31.33) = 339,000 

(16,400) (15.67) = 257,000 


27,200 


596,000 ft.-lb. 
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Live load (truck at 15 tons and uniform live load at 80 lb. per sq. ft. 
on 15.07 X 10 ft.). 

(30,000) (28.0) = 840,000 

(12,600) (--g-) = 98,000 

42,500 938,000 

Impact 30 per cent 282,000 

1,220,000 ft.-lb. 

Making a total moment at point 3 of 1,816,000 ft.-lb. 


The distance between chords at this point is 5 ft. in. This gives a 
stro.ssof 1,816,000 -i- 5.6, or 325,000 lb. in the flanges of the girder and in the 
top chord member (73-1/4. This will require an area of steel in the flanges 
of the girder of 325 16, or 20.2 sq. in., and the same in member Uii-U4, 

At 3.41 lb. per ft. per sq. in., the weight per foot of flanges would bo 
(20.2) (3.41) = 69.6 lb. Allowing 50 per cent for details and gusset 
plates, would give roughly 1 10 lb. per ft. as the weight of (73-(74. 

The shear at point 3 would bo 27,200 D.L. plus 42,600 L.L. plus 
(42,600) (0.3) impact, or a total of 82,450 lb., requiring 8.2 sq. in. net of 
web plate at point 3. The plate in the web has an area of (67)(5) 

-5- 16 — 20.9 sq. in. and so is amply strong. 

The shear in panel 3-4 would be from 15 kips to 20 kips more than in 
panel 2-3 from D.L.; 12.5 kips more from L.Ij, and four kips more from 
impact, making the total increase, say 35 kips over panel 2-3. The slusar 
in panel 2-3 was 82,450 lb. Then the approximate shear in pamd 3-4 
would bo about 118,000 lb. rotiuiring a stool area for L3-f/4 of 1 IH,()(H) -i- 
16,000, or 7.4 sq. in. Allowing for slope and details will bring the weight 
of this to about doul»le, or say (2) (7.4) (3.41) 50 lb. per ft. of truss. 

The weight t)f L'.i-IA will l)e aHHumo<l as 160 lb. per ft. by <!omj)ariHon 
with f/3-f/4 and (wtimating the increase duo to larger monmal. 

The loads at jjoint 3 are as follows : 


I’loor Hyntein 

..(15.87)(000) 


9,420 

Handrail 

..(I5.67)(i30) 

• 

2, 4(H) 

Web plate 

. .(7.83) (57) 

SEIS 

450 

Clirdcu" flang«>s 

..(7.83) (110) 


860 

<}ir<Ier HtifTcncn'H. , . 

..(6) (5) (7.2) 

mm 

220 

f/3-f/4 

..(7.83) (110) 

m 

860 

UUA 

. . (7.83) (50) 

m 

390 

L3.L4 

..(7.83) (160) 


1,260 

LatiU’als, sav 



1,600 

Dt'tails, etc 



1,407 


Total 


18,867 sav 18.900 lb. 
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which gives 14.2 kips at UZ and 4.7 kips at L3. 

Proceeding in this manner the approximate dead load concentrations 
for the various panel points are readily calculated. The results are as 
follows: 


Panel Point 

1 

2 

3 

4 
6 


Dead Load Concentration 
10,800 
16,400 
18,900 

22.700 

23.700 



For the members of the counterweight 
arm, the preliminary weight assumptions 
shown in Fig. 76 may be made without 
material error. Based upon these assumed 
values, the following dead load concentra- 
tions may be calculated. 


Panel Point 


_6 

m 


Dead Load Concentration 

23,200 

6,200 


306. Determination of Dead Load Stresses in Counter- 
weight Arm. — ^With the above dead loads at hand, the next step in the 
analysis is the determination of the size and volume of the counterweight 
and the calculation of dead load stresses in the rear or counterweight arm 
of the truss. 

Taking the D.L. moments about the trunnion, will give the amount of 
concrete necessary to balance the structure. With this weight deter- 
mined, the stresses in the anchor arm are readily calculated. 


Moments Ahead op Trunnion 


Moments Back op Trunnion 


(10, 800) (86. 33) = 940,000 

(16, 400) (71. 16) = 1,166,000 
(18, 900) (56. 50) = 1,048,000 

(22. 700) (39. 83) = 905,000 

(23 . 700) (24.16)= 574,000 

(23,200)( 8.50) = 197,000 


116,700 4,830,000 ft.-lb 


U6-177 (1,800) (3. 7) = 6,670 

l/e-r.. (2, 280) (3. 7) = 8,450 

I,6-L9 (4,500)(12.0) = 54,000 

V7-L9 (4,800)(15.9) = 76,200 

(77-179 (3 , 400) (15.9)= 54,100 

(79- (79 (2 , 600) (24 . 0) = 62,500 

Girder 4... .(5,500)(11.0) = 60,500 

Girder B (5,500) (24 . 0) = 132,000 

Side and bottom plates 


and sways. 


(8,500) (17.5) 
38,880 lb. 


148,500 
602 920 


ft.-lb. 


The moment 4,830,000 — 602,920 or 4,227,080 must be balanced by a 
mass of concrete at a distance of 17.5 ft. from the center of rotation 
(see Fig. 73). The amoimt of concrete needed is, therefore, 4,227,080 -5- 
17.5 = 242,0001b. 
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Considering concrete to weigh 160 lb. per cu. ft., the total quantity 
required per truss is 242,000 -s- 150, or 1620 cu. ft. Half the distance 
between trusses is 11.5 ft. which leaves 140 sq. ft. as the required end 
area, or on a height of 1 1 ft., the required width will be 13 ft. 

The foregoing paragraph has considered the limiting outline of the 
counterweight as the center lines of the bounding members. Allowance 
for the pockets in the counterweight to provide space for balance blocks 
can be obtained by extending the concrete out and around the supporting 
members if necessary in the final design. 

Distributing this counterweight load equally among the four panel 
points at its corners gives 60.5 kips to the panel point. Then with 6.2 
kips as the weight of metal at 177, there is 32.6 kips of the metal in the 
counterweight arm left to be distributed between the four panel points 
aljout the (sounterweight. Dividing this as before, that is, three-fourths 
to the lower end and one-fourth to the upper end (the bottom chord of the 
counterweight end being considered the loadetl chord) gives 4.0 kii)s to 
each of the upper points and 12.3 kips to each of tlus lower points, whicli 
added to the 60.5 kips of concrete gives a loading of 64.5 kips at M'S and 
t/9, and 72.8 kips at LS and L9. For purpostss of obtaining tins rea<!tion 
on the trunnion, 3.8 kips of trunnion plates arc assumed in addition to 
the weights of the truss members which frame into that point. This 
gives (approximately) seven kii)s as the load at T, and the d<uul load stress 
diagram is then drawn as in Fig. 75. 

This diagram is in two parts l)ecau8(i it is impossilde to begin at the 
outer end and continue cUsar through to the rt>ar en<l on account of the 
presence of three unknown stresses at f/6 and A6, (lonsecjinmtly, it is 
customary to begin at 1/1 and run the diagram back to L6 and th<*n b(*gin 
at L9 and run ahea<l to IAS, thus completing the stre^ss analysis for d(*ad 
load clos<id, but witli the diagram in two parts. (It is i)OHsil)le to com- 
I)Ute the stK'ss in lAt-IA) algel)rai<!ally and a<l<l this valium into the stress 
diagram when lA) is riuiclied, but tins usual method is to ndy on the 
graphic solution and use the alg<d)raic as a cluuik.) 

Having the dead loiul stnwscw in the closed jxjsition, it is necesstiry 
to run another set of diagrams for stn^ss at 90 deg. oixm (see Fig, 75) in 
order to sesj which members have a larger stress when partly open than 
when eitlusr fully open or c1oh(u1. From this it is seen that Uii-lAi, 
176-IP and AO-IP, have tlu^ir greatest stress when partly oijen. The 
amount of this stnws is shown under tho lioading “maximum stresses” 
in Fig. 75. Tho four <Uagrams entitled — (I) “Dead Load River Arm 
(Bridge Closed),” (2) “Dead Load River Arm (Bridge Open 90 deg,),” 
^1) “Dead Ijoad Counterweight Arm (Bridge Closed),” and (4) “I><;ad 
Load Counterweight Arm (Bridge Open 90 deg.)” — will give all the 
necessary dead load stresses required for tho design of the structure. 
Those diagrams are also used to determine what angle of opening is 
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critical for each member having its largest stress when partly open. 
It is observed that the leaf, although composed of a plate girder 
section for the outer two panels, has been considered as a frame 
throughout its entire length. This is done in order to facilitate the 
graphic analysis. The design of the plate girder sections may be readily 
worked out later. 

30c. Live Load Stress Diagrams. — Before begiiming the 
live load stress diagrams, it is necessary to compute the live load reactions 
at the anchorage and at 1/6. The only loading which need be computed 
for stress in the anchor arm is the full live load condition of Fig. 75. 
Taking moments about L6 gives the following: 

(23.6) (78.33) = 1,850 

(12.7) (62.67) = 795 

(12.5) (47.00) - 587 

(12.5) (31.33) - 392 

(12.5) (15.67) = 196 

( 9.0) (0) = 0 


82.8 3,820 kip.-ft. 

This must be resisted by a downward reaction at the anchor column. 
The stress in the anchor column which is 34.2 ft. from the center line of 
I76-Z/6 will be 3,820 -r- 34.2, or 112 kips. The stress in C/*9-L9, however, 
will be greater as it is only 32.5 ft. away from the center line of i76-L6. 



Fig. 77. 

As this is the stress upon which the stress diagram depends, it is taken 
instead of the anchor column reaction when solving for the stresses in 
the counterweight arm. It is 3,820 32.5, or 118.0 kips. 

The live load reaction at 1/6 is the sum of all the live loads on the river 
arm plus the stress in f79-L9, or 200.8 kips. 

In drawing the live load stress diagrams, members /77-?79, ?79-Af8 
and M8-LS are not considered, as they have no live load stress. Member 
i79-L9 is merely a post loaded at the anchor bracket with the 118.0 kips 
of live load reaction. 

Full load, as in Fig. 75 will give maximum conditions for the chords 
and for all web members back to I74-L4. As the line of action of 
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intersects the line of the top chord just forward of U2, it is necessary to 
place the large truck wheel at U2 (with no load on panel 1) to obtain a 
maximum stress in L4-C/5 and U5-L5 (see Fig. 77). 

The line of L5-L6 intersects the top chord at a point just back of U2, 
For maximum stress in L6-U6j the large truck wheel should again be 
moved, this time to UZ, and no load at ?71 or U2 (see Fig. 78). 



Fig. 78. 


For minimum load at IA-U5 and U5-L5, the truck should be placed 
as in Fig. 79, but with no uniform load on the span. For minimum load 
on I/5-C/6, the uniform Kve load should be added up to the center of 
panel 2-3 ^see Fig. 80), or in other words, the live panel load given at ?71 



should be used alone to obtain minimum stresses inL4-Z75 and U6-L5 and 
panel loads at 171 and U2 should be used to obtain minimum stress in 


L5-J76. 



ZOd. Shear Lock Stresses. — ^The value of the stress trans- 
ferred from one leaf to the other by virtue of the shear lock at the center 
of the span may be determined very closely by means of the following 
empirical formula: 
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Where 

S = value of the shear at the center lock 
for a given load P on the span. 

A = distance from the support to the given 
load P. 

L = distance from the support to the center 
lock. 

For a full panel load at the various panel points, the value of S as 


computed by the above formula is as follows: 

Value op ~ 

Panel Point Loaded Value of P " 

Value of S, 
Pounds 

U5 

12,500 

yi 

350 

£74 

12,500 

H 

1,300 

£73 

12,500 

H 

2,700 

£72 

12,500 

% 

4,410 

£71 

6,250 

H 

3,125 


By means of an ordinary Maxwell diagram, the stress in each member 
of the truss due to a unit load at the shear lock is now determined (see 
Fig. 83). 

Taking the values from the above unit shear lock stress diagram and 



Fig. 81 . 


multiplying them by the greatest possible shear lock stress which can 
occur when the member is under maximum (or minimum) stress from 
loads on its own leaf, the amounts to add to the design stress to take care 
of shear lock stresses may be determined. 

Consider member L1-L2 on the right-hand leaf (see Fig. 81). Its 

ue us U4 U2 Ut 01 U2 U3 U4. US 06 

IZS" tiSf 125^ 

SSESSEsiEi 

13 L2 L2 13 

iff 

Fig. 82 . 

maximum stress occurs when its panel point 1 is fully loaded. Place full 
load on panel point 1 of the opposite leaf to offset this load and then load 
fully all panels of the left-hand leaf. The shear lock stress transferred 
will then be the suna of the shear lock loads for panels 5, 4, 3 and 2, or 
0.35 -f- 1.30 -t- 2.70 -h 4.41 = 8.76 kips, and the shear lock stress in 
L1-L2 will be 8.76 times the stress inLl-1,2 \mder one kip load at the sh e ar 
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lock. This is 4.6 kips. The shear lock stress in LlrL2 is then (8.76) (4.6), 
or 40.3 kips. If all panels of the right-hand leaf were loaded except 
panel 1, and no load were placed on the left hand leaf (see Fig. 82), there 
would be an uplift at the shear lock on the right-hand truss which would 
cause the shear lock stress to have oppc^ite sign. Shear lock stresses 
are thus seen to have two values opposite in sign. Care must, therefore, 
be taken to see that the correct sign is used when combining for maximum 
or minimum stress because it may not be possible to obtain maximum 
shear lock stress at the same time that maximum live load is obtained, 
in which case, the shear lock stress may have no effect on the design stress. 

The principal shear lock stresses are as follows: 


C/3- 274 Stress for 1 kip load at center = 6.50 
Shear lock stress = (4.35) (6.5) = 28.20 
L3-C/4 Stress for 1 kip load at center = 2.00 
Shear lock stress = (1.65) (2.0) = 3.30 
L3-L4 Stress for 1 kip load at center = 6.70 
Shear lock stress = (1.65) (6.7) = 11.10 
C/4-L4 Stress for 1 kip load at center = 0.00 
Shear lock stress = 0.0 

274- 275 Stress for 1 kip load at center == 6.70 

Shear lock stress ~ (1.65) (6.7) = 11.10 
L4-L5 Stress for 1 Mp load at center = 6.40 
Shear lock stress — (0.35) (6.4) = 2.24 

275- 276 Stress for 1 kip load at center = 6.30 

Shear lock stress = (0.35) (6.3) = 2.20 


The shear lock stress in L5-L6 can be neglected because maximum 
stress occurs with the leaf fully loaded and at that time there can be no 
downward reaction on this leaf from the opposite leaf. 

30e. Dead Load Stresses. Leaf Open , — ^Thus far all stress 
diagrams (with the exception of one purely theoretical one for the leaf 
open 90 deg.) have been drawn for the leaf down. The angle of opening 
required to give 100-ft. clear span at the tips of the leaves is 62 deg. It 
is necessary, therefore, to draw stress diagrams for the leaf in this, the 
fully open, position and determine the dead load and wind load stresses 
in all the members with the bridge thus raised. These are shown on 
Fig. 83. 

There is one point in connection with the dead load distribution 
that needs treatment out of the ordinary. This is the distribution of the 
floor load to the truss. As a horizontal girder was placed under the 
stringers, between the L6-276 posts, this girder must be considered as 
carrying the full vertical reaction of the floor system. As the floor is 
inclined at an angle of 62 deg. with the horizontal or 28 deg. with the 
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vertical, there will be two components to the floor load at each panel 
point. One of these will be normal to the floor, the other will be parallel 
to the floor. All those parallel to the floor will be summed up into one 
load at the horizontal girder and then divided into two components, one 
normal to the floor and one vertical. The condition thus represented 
will be a floor supported at U6 by a vertical reaction and a thrust normal 
to the floor to offset the sum of the thrusts which are necessary at each 
panel point to maintain the floor in its inclined position (see Fig. 84). 

30/. Wind Load Stresses.— There is a point in connection 
with the solution of the wind load stresses that needs explanation. 

Unlike the dead loads, the wind load 
must be resisted (to prevent rotation) 
by some force other than the coun- 
terweight. The only point at which 
this can be accomplished is at the 
main pinion. This is not on any 
member. Therefore, it is necessary, 
for purposes of constructing the 
stress diagram, to consider two the- 
oretical members, one from the main 
pinion to U7 and one to L9. This 
will give very closely the stress 
in C77-L9 due to wind load, but the 
actual stress is indeterminate on 
account of the large rack plate which 
rivets to T~U7, M8-L9j M8-L8 and 
L6-L8-L9 and, therefore, distributes 
part of the wind load to all these 
members. 

The reaction at the main pinion 
to counteract the wind load is necessarily tangent to the rack circle at 
the fully open position of the pinion. As the main trunnion is the only 
other point of contact with the pier when the leaf is in the open position, 
the main trunnion bearing furnishes the other reaction against wind load 
and must be so fastened to the pier and main girder as to prevent its be- 
ing overturned in case of a high wind. 

As previously explained, the wind loads are plus or minus, conse- 
quently only one direction of wind need be assumed and stresses solved. 
Reversing the direction of the wind merely reverses the stresses. 

This completes the stress analysis work and when the impact values 
are determined, the stress table can be laid out and the sections of the 
members designed. 

30g. Impact Stresses. — The impact formula specified in 


vedinh 
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Fig. 84. 


this case = 


where P = the percentage to add for 
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impact and L = the loaded length of truss required to produce tlie stress 
to which it is desired to add the impact allowance. 

Each member will, therefore, have a certain definite L for its maximum 
stress and the impact allowance for the different members is as follows : 

Membeb 

Loaded Length (Feet) 

Impact Am^owance 

U2-UZ, L1-L2 
U1-U2, L1-U2 

8 

0.31 

U3-U4, L2-LZ 
U2-L2, L2-UZ 

24 

0.28 

VA-m, LZ-IA 
UZ-LZ, LZ-U4 

39 

0.25 

U5-UQ, L4r-L5 
U4r-IA, L4-U5 

55 

0.23 

L5-L6, U5-L5 
L5-U6, 

70 

0.21 

U6-L6, U&-U7 
U7-U9, L6-L8 
L8-L9, L6-T 

U6-T, U7-T 
M8-L8, U7-M8 
M8-L9, M8-m 
U9-L9 

82 

0.20 


To the dead load stresses in the open, or ready to open position, a 
flat 20 per cent is added for vibration impact. This is none too much in 
view of the possibility of rather violent closing due to careless operation. 

The next step after having made the stress diagrams is to lay out 
a table of stresses, as shown in Fig. 73. For convenience, the different 
portions of the truss are shown at the left margin of the table and double 
vertical lines separate the stresses for different positions or conditions 
of the leaves. 

As the two panels next to the center line of the channel are to consist 
of a plate girder section, their design stresses are not listed here but only 
the final sections shown on this sheet. 

In making up the column of area required, it is always advisable to 
note that the section required for tension members is net, N, and that for 
compression members is gross, G, as it will save considerable searching 
when laying out the sections of the members. 

The completion of the table of stresses and sections (Fig. 73) completes 
the design of the main members. 

31. Design of Lateral System. — ^As stated in Art. 28c, the assumed 
wind load will be 450 lb. per lin. ft. of bridge. The panel length is 15 ft. 
8 in. and the distance between chords is 23 ft. Maximum stresses are 
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caused by full load over the entire leaf and a layout as in Fig. 85 repre- 
sents the truss system which is to be designed. In this system, the 
struts take compression and the diagonals are considered to take only 
tension. At Ll-Ll and L2-L2, no strut will be provided as the floor 
beam extends down to the top of the chord and a simple bracket will 
transfer the stress from the diagonals to the floor-beam. All the struts 
will be assumed as composed of four angles, 4 X 3 X Ke same 

distance back to back as the out to out dimension of 
If the chords, and single laced with 2^^^- X ^^-in. lacing 

bars. The diagonals will be assumed as made of the 
minimum section, namely, four 3- X 2J<^- X 
angles, single laced with 2}4r X ^-in. lacing bars. 

13 The maximum compression in any strut occurs in 

L5-L5 and amounts to 32.1 kips. Dividing this 
stress by the gross section of the strut, gives a unit 
^ stress of about 3.3 kips which is much lower than 

^ the allowed unit stress as given by the formula 

^ \ The maximum diagonal stress amounts to 39 kips 

^ ^ for diagonal L5-L6 which has a net area of 6.40 sq. 

resulting maximum tension is, therefore, 
Qj^y air^out 7.3 kips. The diagonal system is, there- 
Fig. 85 . ^ heavier than needed for actual 

strength, but will be adopted for the sake of rigidity. 
Referring again to the diagram of Fig. 85, the reaction at L6 is the 
force necessary to hold the truss in position against the wind load when 
the anchor arm is held at the forward end of the counterweight. Taking 
moments about L8-L8 of aU the loads on the channel arm and dividing 
by the distance L6-L8 or 19.5 ft. gives the following; 


(3.7)(97.83) = 362 

(7.1) (82.17) = 583 

(7.1) (66.50) = 473 

(7.1) (50.83) - 360 

(7.1) (S5.17) = 248 

(5.1) (19.50) = 99 


(^)(19.50) = 2,125 Mp-ft. 


whence, R = 2,125 divided by 19.50 or 109 kips. 

In like manner taking moments about L6, the reaction at L8 is found 
to be 71.8 kips and the sum of the wind loads and the counterweight 
reaction equals the 109-kip reaction at L6, 
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The stress in L6-L6 strut will be 109 kips and the stress in the diagonal 
L6-L8 will be 71.8 multiplied by the secant of the angle between the 
diagonal and the L6-i6 strut, or (71.8)(1-31) = 94.5 kips, which will 
require 5.9 sq. in. of metal in the net section. This is furnished in four 
angles, 33^ X 3K X bi-j which have a combined net section of 
6.2 sq. in. 

For the L6-L6 strut, four angles are placed with their sides forming 
a square and the sway frame L6-!P ^ 

fastened to the corner toward the trun- j 

nion (see sketch in upper right-hand ^ 

corner of Pig. 74). 

The radius of gyration of four angles, 

6 X 6 X M with the backs 18 in. 
apart, is 7.62 (see Fig. 86). The allow- 

able compression is 16,000 — 70-^ or 

16,000 - 70(^^^) = 13,5001b. per 

sq. in. The required area is, then, 109 
13.5 = 8.1 sq. in. Since 17.44 has 
been furnished, the member issuflScient. 

The specifications say that the wind load shall be carried to the 
trunnions and to the counterweight by lateral systems, each of which is 
capable of carrying the whole stress. The lower laterals carrying the 
wind load to the counterweight have just been designed. 





For the system to carry the stress to the trunnions, it is necessary to 
adopt some shape that will provide the necessary strength and yet not 
require an elaborate fastening at the trunnion. Also there must be some 
member between the two trusses near the trunnions to take the upper end 
of the sway frame. From L6 to T is 11 ft. 2 in. If 8 in. is assumed as 
clearance for the trunnions, there remains 10 ft. 6 in. as the distance 
between top and bottom chords of the sway frame LQ-T. The layout 
adopted is shown in Fig. 87. This makes the problem the solution of a 
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latticed portal of 10.5 ft. depth.^ The stress in the chords is 98 kips and 
in the web there is 13.8 kips per angle. Assume the web angles the mini- 
mum, or 3 X X 

The total unsupported length of any web member is about 55 in. 
The radius of gyration of one 3- X 2^- X Me-in- angle is 0.93. The 

allowable stress is 16,000 ~ ~ 16,000 — 4,150 == 11,850 lb. 

per sq. in. The area of the angle is 1.62 sq. in. and the total stress 13,800 
lb. The actual unit stress is, therefore, 13,800 -5- 
1.62 = 8,600 lb. per sq. in. which is well within 
the allowable. 

The bottom chord of the strut is the member 
shown in cross-section in Fig. 86. As it has a 
capacity of (17.44) (13,500) = 235,000 lb. to resist 
the 98-kip reaction, it is ample . For the top chord, 
a “T^^ section will be assumed, composed of a stem 
14 X M ill- with two angles 3 X 3 X % in. to con- 
nect it to the top plate, which will be a 20- X 
in. plate with two angles 3 X 3 X ^ in. turned 
down at its outside edges. The 14- X M-in. plate 
will be used as a connection for the lattice angles 
and will serve as a long gusset plate. The unsup- 
ported length of the member will be the distance 
between connections of lattice angles in the verti- 
cal direction and the whole 23 ft. in the horizontal direction. The radius 
of gyration is as follows (see Fig. 88) : 




Fig. 88. 


Member 

Area 

d 


Ad^- 


I -h Ad 

uxH 

5.25 

0 

0 

0 

0.1 

0 

20 X % 

7.50 

0 

0 

0 

250 

250 

2 li3X3X?i 

4.22 

1.08 

1.17 

4.9 

3 

8 

2 ls3X3X% 

4.22 

9.11 

83 

350 

3 

353 


Total moment of inertia about X — X = 611 in. ^ and the total area 


is 21.19. 


The radius of 


gyration is 


611 


21.19 


5.4. 


The allowable compression is 16,000 


- (70)(23) (g) - 


16,000 - 


3,600, or 12,400 lb, per sq. in. The capacity is (12,400) (21.19) = 261,000 
lb. as against the 98-kip stress from the wind. 

The sway frames between the floor beams and the lower lateral struts 
are for the purpose of maintaining the trusses in a vertical plane under the 
^ Johnson, Bbyan and Tubneavre, Modern Framed Structures,'" part I, p, 269. 
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wind load on the top chord This load is about five kips per panel. 
Considering the frame at i75, the distance between chords is 10 ft. 4^ in. 
and between trusses 23 ft. The layout of the sway frame is shown in 
Fig. 74. Taking moments about one lower chord panel point gives 
for the vertical reaction at the lower chord point (5.0) (10.4) -f- 23 = 
2.2 kips. 

The stress in the web diagonals is equal to the above shear multiplied 
by the secant of the angle of inclination with the vertical and amounts to 
about 3,000 lb. for which the 3- X 3- X angles are readily seen to 

be ample. 

The sway frame at L6 is designed in the same manner, but using a 
lattice section of minimum angles. The other sway frames L3 and L4, 
are the same general type as L5 and need no 
explanation. 

The counterweight is to be hung on and around T 
a structural frame. The worst condition to assume § 
is that the frames mentioned carry the whole load. J_ 

These frames are called ''counterweight truss A/' 

"counterweight truss 5/’ "counterweight laterals” 
and "counterweight cross frame.” 

The counterweight truss A is located between the 
L8-M8 panels of the trusses and the counterweight 
truss B between theL9-f79 panels. The cross frame 
is on the center line of the bridge and extends from 
counterweight truss A to counterweight truss B, 

Its top and bottom members being the center struts 
for the upper and lower lateral systems in the coun- 
terweight and its vertical members being the center struts of counter- 
weight trusses A and B. 

Referring now to Fig. 74 and to the dead loads given at the counter- 
weight panel points of the truss outline in Fig. 75. The layout of Fig. 
89 can be drawn with one-half the total counterweight load or one truss 
load at the center and one-half a truss load at each side for the counter- 
weight trusses A and B when the bridge is in the closed position. 

Adding the 20 per cent impact allowance to these members gives the 
tension diagonals a design stress of 64 Mps and the compression diagonals 
a stress of 57 kips. . 

Try 6- X 3^^- X J-'^-in. angles with the 6-ih. legs % in. apart and the 
3J'^-in. legs turned to the outside of the counterweight. The radius 
of gyration is 1.41. The allowable compression on a length of 15 ft, 9 

in. is 16,000 — 70(15.75) = 6,600 lb. per sq. in. The required 

area for 57 kip stress is 8.6 sq. in. The section furnished having 9 sq, in. 
is satisfactory. 
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Fig. 89. 
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For the tension diagonals, the stress of 64 kips requires a net area of 
4 sq. in. and the same section will be used for this as for the compression 
diagonals. The top and bottom and center vertical members will be 
made of the same section for the sake of uniformity. 

When in the fully open position, the counterweight is carried on the 
upper and lower counterweight laterals in the same manner as it was 
carried by counterweight trusses A and B in the closed position. The 
distance between panel points in this case is 13 ft. instead of 10 ft. 9 in. 
and the layout and stresses are Olustrated in Fig. 89. 

As these are practically the same as for counterweight trusses A and 
B the same sections will be used. 

The strut down the center will very likely be used to support the 
forms for the counterweight during construction and so may arbitrarily 
be made of two angles, 8 X 6 X % in. for safety's sake. 

32. Miscellaneous Parts of the Moving Leaf. — Several minor portions 
of the moving leaf are not yet taken care of. The rack plates which connect 
the machinery to the truss and the trunnion plates 
which must be built up of sufficient thickness of metal 
to bring the bearing on the trunnion inside the allow- 
able are the heaviest of these miscellaneous items. The 
rack plates are made of K-in. material and extend 
from Jkf8-L9 and C/T-JkfS toward the trunnion far enough 
to allow the cast steel rack to be bolted between them. 

The brackets on the L9-!79 posts which engage the 
anchor columns are usually cast steel and riveted to 
the post in the larger bridges. In this design, it will 
doubtless be cheaper on account of the low stress in- 
volved to build up a structural bracket, the only de- 
signing required being to see that sufficient rivets are 
provided to stand the full reaction and the 40 per cent 
impact allowance. 

The shoe at the bottom of the L6 post which supports the live load 
reaction is of somewhat the same nature, the only designing to be done 
being in the nature of providing a safe connection to the truss. It must, 
however, be strong enough to withstand its share of the lateral force due 
to wind. This wind force is not usually serious on the moving portion 
of the shoe, but in the base on which the shoe rests, provision must be 
made to prevent the truss being moved laterally off its support. For this 
reason, the live load shoe at L6 has two sides extending upward and 
flared out at their upper edges to catch the descending shoe and guide 
it to place and then prevent its lateral movement. 

These sides should be made considerably stronger than called for 
by wind forces because they will be called into play in case of a collision 
between a boat and the bridge and in such a contingency will throw the 



Fig. 90. 
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loads into the counterweight end of the truss and relieve the strain which 
would otherwise come on the trunnions and their bearings. A sketch of this 
base is shown in Fig. 90. The upper and lower bearing plates are rounded in 
the longitudinal direction in order to insure a seating near the center and not 
at one edge as would perhaps be the case if plane surfaces were to be used. 

33. Fixed Part. — The ^'fixed part” consists of all that portion that is 
supported by the pier, but does not move in 
the operation of the span. The main items of 
design are : Floor stringers, colunms on trunnion 
girder, main trunnion girder and grillage braces. 

These are all illustrated in Fig. 91 and will 
be taken up in the order given. 

33a. Floor Slab.— The stringers will 
be spaced as shown in Fig. 94. 

Consider one rear wheel of the 15-ton truck 
in the center of the panel and neglect continuity 
of the slab. The dead load will be say 100 lb, per sq. ft. for the slab 
plus about 40 lb. per sq. ft. for paving, making a total 
of 140 lb. per sq. ft. The live load of the wheel will be 
distributed over an area of 3 ft. 4 in. square when the 
wheel is considered as having 2- X 2-ft. contact area 
and the lines of distribution running downwards at 45 
deg. through the assumed 8-in. thickness of slab (see 
Fig. 92). 

The overhanging portion of the slab is shown in Fig. 
93, the outer truck wheel being assumed as lying 1 ft. 3 
in. from the outer stringer. 

With the above loading, the slab is designed by 
means of the ordinary formulas for reinforced concrete beams. The appli- 
cation of these formulas indicates an area of steel per ft. of slab of 0.57 sq. 
in. for the interior and 0.62 sq. in. for the overhang. 



Fig. 93. 
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For the sake of simplicity, the whole slab will be made 8 in. thick with 
p^-in. squares on 7-in. centers, placing the center of the steel Ij^-in. above 
the bottom of the slab and having alternate bent-up and straight bars in 
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order to provide for the shear. This will leave the bars in the top side 
of the overhang on 14-in. centers and short stubs will have to be placed 
in between these to make up the required area. These stubs should 
extend back beyond the first stringer a distance sufficient to develop 
the bar in bond, or say 40 diameters for a square bar at an allowable bond 
stress of 100 lb. per sq. in. 

336. Stringers. — The span of the stringers will be from the 
rear wall of the pier to the columns on the main trunnion girder, a distance 
of 26 ft. approximately. The distance between axles on the truck is 10 
ft. The center of gravity of the two wheels is 3.33 ft. from the large wheel. 
The placing for maximum live load moment is with the large wheel 1.67 
ft. across the center line from the small one. The dead load at 150 lb. 
per sq. ft. for slab and paving gives (5.33) (150) = 800 lb. per ft. of 
stringer. Assume the weight of the stringer at 75 lb. per lin. ft. and the 
complete loading diagram is as shown in Fig. 94. The 5,000-lb. machinery 
load is obtained from the design of the machinery which gave 20,000 lb. 
to be supported on the four stringers at 4.5 ft. from the center of the main 
girder. 

Moments are as follows under the large wheel: Dead load moment = 

(875)(13)(11.33) - = 128,800 - 56,400 = 72,400 ft.-lb. 

Live load moment = 74,300 ft.-lb. 

Impact allowance = (74,300) (0.60) = 44,400 ft -lb. 

Moment of machinery = (21.5) = 18,600 ft.-lb. 

Total design moment = 72,400 -|- 74,300 + 44,400 + 18,600 = 
209,700 ft.-lb. = 2,518,000 in.-lb. This requires a stringer having a 
.• j , , 2,518,000 

section modulus of = 159, which is furnished by a 24-in. 

Bethlehem section at 73 lb. per ft. 

As the overhang ahead of the center line of the trunnion girder is 
only 4 ft. 8 in., the same 24-m. Bethlehem beam at 73 lb. will be amply 
strong. 

From the design of the machinery, we find that with the bridge in the 
open lotion and the full 15-lb. per sq. ft. wind load on the upraised leaf, 
there is a load of 24,000 lb. on each of the stringers at the point of 
connection of the hangers for the machinery floor. The moments at 

this point would be D.L. of (875) (13) (4.5) - 
(24,000)(21.5) , . 

~ '26 = ^^>200 - 8,850 + 89,400 = 131,850 ft.-lb., which 

is considerably less than the live load condition with the bridge closed. 

iv i 1 , Main Girder. — Referring to Fig. 95, 

tfie truck placing for maximum load is shown. 
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For the sake of simplicity, the large wheel is placed within 0.7 ft. of 
the edge instead of 1 ft. The moments about the left-hand support to 
give the reaction on the column are as follows: 

Dead load (0.875) (30.7) (30.7) (0.5) = 415 
Machinery hanger (5)(21.5) = 108 

Live load (15) (20.7) =400 

Impact (1.5) (20.7) (0.3) = 120 

Total moment = 1,043 kip-ft. 

Hi = 10*13 4- 20 = 40 kips, which is tlicj maximum n'actioa on tlie 
column. 

Assume a Bethlehem I-heam IS in. witle so that tlu> llang<‘s of tlic 
Iteam may rest over tlie webs of the girder. 

The IS-in. Bethlehem-I at 48.5 Ih. has a radius of gyration of 1.50. 



til 


I'm. Vh. 

10,000 7UL/U » 10, (KK) - “ 12,020 lb, jx^rsq. in. 'I’he 

area of the «*ctlon is 14.25 sq. in, which is rea«Iily stHui to 1«! niort? than 
ample for strength. 

sad. Main Trunnion Girder. - For calculating the loads on 
the main girtlcr, the weight of tho trunnion licarings is taken as 3,(KK) Ih. 
each. Tho trunnions are estimated at 1,400 lb. (ntch, or 700 ll>. per bear- 
ing. From Fig. 75, the lomi of the truss is 403, (KK) Ih. or 201, .500 on each 
Is’aring, making a total at eacli trunnion Ijearing of 205.2 kipe. Tho load 
from tlie columns under the fixed part is 40 kips at each poet as just 
determined. The iprder is symmetrica! about tho center line and will 
lie assumed to weigh HfK) lb. per lin. ft. Tho loadings and the shear 
and moment diagrams are shown in Fig. SO from which the maximum 
moment is «*en to Im 2 4,578,4tK) in.-lb. The depth of the girder is deter- 
mined by the available space between panel point T and the lower chord 
LQ-LZ. The center line distance Is 7 ft. 3 in. (see Fig. 73). 
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The half depth of L6-L8 (from the same figure) is 9)^ in. plus the 
lacing and rivets, or say 10 in., all told. This leaves 6 ft. 5 in. from T to 
clearance. The trunnion bearing will be about 30 in. from the center of 
the trunnion to the base and, allowing 1 in. for bearing plates, gives 
another 31 in. to subtract from the 6 ft. 5 in. The arc through which the 
lower chord swings when opening will take off another iu-v leaving 
3 ft. in. without considering any lower cover plate. Allow in. 
for this and make the girder about 3 ft. 8 in. deep from out to out. A 

rough calculation shows about 42 
in. as the reqmred area of flange. 
cm "coi. Allowing 8 in. for holes will give 
1 1 I i n the make-up as shown in Fig. 97. 

%% i I Next find the center of gravity 

^ 1 I 1 of the two flanges considering ^ 

pi j of the web as flange. This is done 

j in the ordinary manner and needs 

I " jh- iio explanation. The results are 

I The distance from the back of 

y the lower flange angle to the cen- 

/ \ ter of gravity of the lower flange 

/ \ is = 4.25 in., and the dis- 

j i tance to the center of gravity of the 

/ \ 2 V \ n . 162.55 . 

I M III I I l\ 

^ as shown in Fig. 97. 

Pie. 96 . The distance between center 

of gravity of the flanges is, there- 
fore, 3 ft. 7% in. - (2.97 -|- 4.25) = 36.65 in. 

The required teuaio. i, - 41.8 »q. in. 

The gross area of the bottom flange is 59.84, leaving 8.04 sq. in. which 
can be taken out as holes for rivets. 

Referring again to Fig. 91 there is at the center one hole through both 
side plates, the flange angle, and the web, and one hole through the 
fen^ plates and the web. The total distance throu^ aU this metal is 

(2)(^) + 1^6 + ^ + (2)(%) -I- ^ = 3^g in_ 

This is the same for the other web and makes a total area of 7 125 
n- m. R a lacing angle were so placed that an additional rivet hole were 
taken out of the effective section, the total holes out would be 8.50 sq. 
m., leaving 41.34 sq. in. net as against a required area of 41.80. 

addition of extra 

web plates to build the shear section up to a gross area of 50%o = 50.2 sq. 


Fig. 96. 
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in. The main weba are two 43 X Riving an area of 32.26. Ample 
shear area will lie provided by placing one 43- X ^{g-in- plate inside each 
of the other web plates at the cuds and extending them out beyond the 
inside trunnion iK'aring. 

The other details of the girder such as rivet pitch, stiffeners, fillers, 
etc., do not differ from the details of any other similar member and need 
no mention here. 

SSe, Grillage Braces.— -The one other item in connection 
with the fixed part that is different from ordinary fixed span work is 
the anchorage of the ends of the main girder to prevent overturning with 
the leaf up during a high wind. This wind will gdve a horizontal force 
of 1 10,000 lb. at the trunnion. Considering a layout, as in Mg. 98, tho 



load, a unit Btreiw of ^,000 Ib. por mi. in. is allowable, which makes the 
net area required 13.0 stp in. 

This is furnished by four angles, 5- X 6- X H4n. riveted at the top to 
the stiffeners on tho girder and at the Irottom to tho I-beam grillagt* whicdi 
in turn is to lie concreted iwriidly into llio Irotiy of the pier. 

The holding down btdts which faskm the trunnion Ixiarings to tho 
prder must also resist the overturning clue to tho wind. 

Tho vortical arm of tho wind force is 30 in. Tho distance lietween 
bolt holes in tho two aides of tho bearing is api>roximatc'ly 32 in, which 
makes tho stress on each of tho four bolteat one end of the girder equal to 

OK gofi 

26,800 th. They will, thoreforo, need 20 Ooo " 

cross-section. These, however, are part of tho machinery design and 
as there are other factors entering Into their design they will not !k! dis- 
cussed further hero. 
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34, Counterweight Calculations and Methods of Balancing Span. 
Having the structural portion of the moving leaf designed and detailed, 
it becomes necessary to calculate the weight and center of gravity of each 
of the members of the moving portion and then, taking the moment of 
all of the moving parts about the trunnion, to determine the amount of 
counterweight necessary to cause the span to be balanced in all positions. 

Horizontal moments C'X” moments) are taken about a vertical line 
FF, through the trunnion in order to determine the amount of concrete 
to put into the counterweight. Vertical moments C' Y” moments) are 
taken about a horizontal line, XX, through the trunnion in order to deter- 
mine the location in a vcvtical divcction of the center of gravity of the mass 
of concrete whose weight was determined by the first set of moments. 

These calculations for counterweight are made from the shop drawings 
and the weights obtained in the calculations carefully checked against 
the shipping weight of the material to guard against error. 

In the sample calculations shown at the end of this chapter, the dis- 
tance to each part of each member was taken from the trunnion direct. 
It is usually customary on large or complicated work to take the center 
of gravity of each part with reference to some panel point on the member 
and after the weight and center of gravity of the individual members are 
found, then to calculate the distance X and F from the trunnion for each 
member and make a su mm ary sheet showing the moments of the different 
members. In small or simple work, much time can be saved by taking all 
moments about the trunnion in the first place, then in making the summary 
sheet no recalculation is necessary, the only process being that of listing 
and summing up all the sub-totals from the itemized calculation sheets. 

After the total weight and center of gravity have been found and 
listed it is a very simple matter to add or subtract parts of the work or 
make alterations in the work as detailed. In order to illustrate this, a 
sheet of calculations for the floor are included in the sample calculations 
herewith appended, as the floor in this particular case was originally 
intended to be 3J''^ in. of wood block on a 2 X 6 laminated deck and 
was afterward changed to 2 in. of asphalt on a 2 X 8 laminated deck with 
an attendant increase in weight of 11,350 lb. 

In the accompan 3 dng tables of calculations, only such sheets as are 
necessary to convey the idea are given. Their original numbers are pre- 
served, however, in order to indicate clearly that the calculations are not 
all included. 

In taking off the material from the shop details, it is a very easy 
matter to list main material and details separately and to do the same 
again in a summary sheet so that the percentage of details can be deter- 
mined for use in future estimating. Sheets 1, 2, 3 and 4 are sufficient to 
show the make-up of the sheets which has proved most satisfactory and 
to show also that every item is considered. 
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The weights are for one truss and are multiplied in the summary. 
A.S the centc'r lock machinery is all on one leaf, the two leaves must be kept 
separate, calculations la'ing nuule for one and corrections made in that 
final result to care for the differences in the other. The north leaf was 
taken in this case and the right-haml gir<ler considt'red, iw is shown by the 
notation NXtJi. Ul on tlie first line of the fu*st tueinber. The number 
2 indicates that two trussc's will lie taken in the summary. The notation 
“material ft»r one girder tm north leaf — multiply this sheet by 4’’ refers 
to the factor to apply to the sheet to «»btain the total steel in the structure 
for the puriKises of payment. Also in the upper right-hand cortu'r is a 
notation LI showing on wliich shop drawing the details of the piece will 
lie fountl. 

Some of the memljers tie wholly within one tpuulrant and as a result, 
tlie moments will l» all of one sign. This is true of the material on shoots 
I, 2 and H. In tho tip^wr left-hand corner is a notation to that effect. 
Moments toward the center of tlie river or above the horizontal through 
the trunnion are plus. Thoso Ik'Iow the horizontal through the trunnion 
or towaril the shore are minus. 

The calculation for fioorlieams I and 2 are given on sheet 25. 

Shoot 29 gives a set of stringer ealeulations anti sheet 30 gives tho 
calculations for the floor weights together with tho correctitin for tho 
changfi in the floor d<*sign mentionetl above. 

Slioet 31 shows tho ealeulations for tht» weights nf machinery apper- 
taining tt) tho center lock. Sht'et 1 1 shows jiart of tho counterweight entl 
and illustrates the tUstinction In'tweeii jitusand minus. 

The totals of tho itemized shtsits are multiplied hy tho number of 
pieces |K*r leaf and listed on sheet 39 with their total moments, both plus 
anil minus, about the trunnion. For instance, on sheet 1 , the weight of 
girder f/I-f/2-f'3 for the right-hand truss on the north leaf is given 
as <1,719,66 lb. of main material and 2,901.87 lb. of details, making a total 
weight jier truss of 9,621.53, with moments of 661,214 horizontal and 
42,235 vortieal. 'rhero are two of tlicso |iieces in tho leaf so tho totals 
on sheet 31 will show Just double tho amount which apiamrs on shoets 1 
and 2 of tho calculations. 

In tho left-hand column of shoot 30 are listed tho shop detail sheets 
frojn which tho weights are taken together with tho number by which tho 
sheet weight must be multiplied to obtain tho weight per loaf. 

Those weights and their moments are summed up at tho bottom to 
give the total weight of all moving parts except tho counterweight. 

At this tifno, tho cliango in tho design of tho floor system was made 
and tho correction to add to tho weights and moments calculated and 
listed on shoot 30, 

Tho totals for sltM't 39 are now listed on shoot 47 and the correction 
from shoot 30 added , 
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In the original calculation for counterweight details the weight of 
the counterweight concrete was assumed at 142 lb. per cu. ft. When 
construction started, test blocks containing 8 cu. ft. of the proposed 
counterweight concrete mixture were made and weighed from time to 
time to obtain as closely as possible a figure to use in the final balance 
computations. These test blocks indicated that the weight of the 
finished counterweight would be 147 lb. per cu. ft. for the plain concrete, 
to which must be added the increase due to the addition of reinforcing 
bars. The plans call for the reinforcement to be 1-in. square bars, 12-in. 
on centers, all three ways. This gives 36 cu. in. of steel, weighing 10.26 lb., 
which will replace 36 cu. in. of concrete weighing 3.07 lb., making a net 
increase in weight of 7.19 lb. per cu. ft. The weight of the counterweight 
will then be 154,19 lb. per cu. ft. 

Volume Occupied by Structural SteeL — As the counterweight concrete 
is built on and around the structural frame of the trusses, there will be 
certain parts of the structural steel which will be surrounded by the 
concrete. 

The weight of this steel having been included in the calculations, its 
volume must be subtracted from the total volume of the counterweight. 

The usual method of caring for this is to consider a transverse dis- 
tance from face to face of counterweight enough different from the actual 
to allow for this extra concrete. 

Sheet 46 shows the calculations for concrete displaced by structural 
steel. Those parts which are only partially embedded (as, for instance, 
lower chord L6-L9 which is only covered fromZ/9 toL8) are listed piece by 
piece. Such items as the counterweight cross frames which are wholly 
embedded may, be taken from the itemized weight sheets. 

The total weight of embedded steel is calculated and then divided by 
490 to obtain the volume of displaced concrete. 

Actml Location of Center of Gravity of Entire Leaf , — In the itemized 
lists and the summary, all moments are taken about the center of the 
trunnion. In all discussions also, it is customary to speak of the leaf as 
being in perfect balance about the center of the trunnion. This is a 
condition of counterweighting that can be computed very readUy, but 
is neither desirable nor easily obtainable in actual construction. As was 
explained in the chapter on design, the actual center of gravity of the 
entire moving load should be on a line through the center of the trunnion 
making an angle ahead of the trunnion with the vertical of one-half the 
angle of opening and far enough from the center of the trunnion on this 
line to cause a forward moment equal to the friction of the trunnion 
bearings under full load. This friction is usually assumed at 15 per cent. 
This gives the distance ahead of the vertical to which to bring the actual 
center of gravity of the entire leaf as 15 per cent of the trunnion radius. 
It is not desirable to work as close as this in small structures, however, 
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and BO whon the diameter of the trunnion is less than 18 or 20 in., the 
actual center of gravity of tlio moving leaf should be placed about 2 in. 
from the center of the trunnion. This was done in this case and the coor- 
dinates of the actual location from tho center of the trunnion arc -1-0.09 
ft. * a; and +0.185 - y. 

Referring to shet't 47 again, after tho corrected weights and moments 
are calculated, the location of the center of gravity of all the moving leaf 
except the concrete is obtained by dividing the moments by tho weights. 
This is fountl to bo 27.45 ft. ahead of, and 2.54 ft. above, the trunnion. 
As it is desiretl to bring the center of total weight to a imint 0.09 ahead of, 
and 0.185 ft. almve, tho trunnion, tho coordinates of the point just 
found will bo 27.45 -- 0.09 ■■ 27.86 ft., and 2..’54 — 0.18.5 *= 2.11 ft. 

Tho weight of 313,995 timos thoso now lover arms gives the X and Y 
moments for tho actual «’(umb>rweight. 

As tho distanco from tho cotjtor of tho trunnion to the cent(ir lino of tho 
counterweight is 17.50 ft., tho distance from tho now location of tho center 
ofgravity will bo 17.50 + 0.09 - 17.59. 

Tho weight of concroto rotiuirod is found to bo 488,896 lb. which at 
154. 19 Ih. p<»r cu. ft. will occvtpy a volume of 8, 167 cu. ft. The horizontal 
distance froju tiio actnal centor <}f gravity of tho moving loaf to tho center 
lino of tlio counterweight is easily maintained. Tlu' Itxiation of tho center 
of gravity of tlio counterweight in any preilotorminod point in a vi^rtical 
direction is a problem of arranging a system of galleries and pockets 
in a fixect en<l area and a fixml length Isitween trussim. 

The distance to sulitract from tho transverse width of tho counter- 
weight on account of the omlK*ddod steel is 67 divided by tho entl area 
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of tho equivalent solid mass. The end height is ^2r> ‘i 3 )(i 4 ) “ 

67 

The distatiM) to subtract is then 0.58 ft., leaving 24.8 ft. 

as tho figure to use in calculating tho s|mce to he filleil with coiufretti. 
On tho basis of a length of 24.8, it requires 9.15 ft. of depth to give 3,167 
cu. ft. of concrete. 

The amount of concroto to bo placed as permanent counterweight is 
only 97.5 per cent of the total on account of the necessity of leaving 2}4 
per cent of tho space to use for changes in tho counterweight due to 
seasonal variation in the weight of the overhanging leaf. This ^pvos the 
height of tho equivalent solid mass of concrete as 8.88 ft. and the volume 
as 3,{^ cu. ft. as shown at tho top of sheet 48. 

The center of gravity of the 100 per cent mass must be 1.549 ft. below 
the actual center of the total moving load, or 1.41 ft. below the center of 
the trunnion. 

To insure this condition, the counterweight is roughly laid out to show 
a 12-in. floor In tho galleries that are to hold the balance blocks which go 
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to make up the per cent. The extreme lower edge of the counter- 
weight is placed 12 in, below the center line of the bottom chord in order 
to allow for approximately 2K iu. of cover over the steel. The balance 
blocks will then rest on a floor which is 7 ft. 3 in. below the center of the 
trunnion or 7.25 — 1.41 = 5.84 ft. below the desired center of gravity 
of the 100 per cent counterweight. 

Two and one-half per cent, of the 3,167 cu. ft. of counterweight is 79 
cu. ft. If the gallery is 3 ft. wide, a double layer of blocks need only be 
13 ft. long in the center of the counterweight to make the required weight. 

Taking out these blocks would lighten the lower portion of the 
counterweight and allow the center of gravity to rise 0.11 ft., leaving the 
center of gravity of the 97.5 per cent counterweight, 1.30 ft. below 
the center line of the trunnion. Measuring from a point 12 in. below the 
center line of the bottom chord to the under side of the fixed part stringers 
gives a depth of 12 ft. 2 in. in which to put the counterweight. As some 
clearance must be left, the depth of the counterweight will be assumed as 
11 ft. 9 in., as shown on sheet 48. 

The problem now is to so distribute 3,088 cu. ft. of concrete in a space 
24.8 ft. X 11 ft. 9 in. X 14 ft. 0 in. that there wUl be pockets and galleries 
accessible for placing balance blocks and also that the center of gravity 
of the completed mass will fall 6.94 ft. above the base, without balance 
blocks, and 6.83 ft. above the base after the 2}i per cent of balance blocks 
are placed. 


Referring now to sheet 49: The total space occupied by the counter- 
weight is (24.8)(14.0)(11.75) = 4,079.6 cu. ft. As it is necessary to con- 
centrate the load m the top of the space, the portion above the center of 
gravity will not have any openings and can be left solid. This is (24.8) 
U4)(4.81) or say 1,670 cu. ft., leaving 2,409 cu. ft. in the lower portion. 
Considermg moments about the 97.5 per cent center of gravity gives 4 025 
aWe the center of gravity and 8,359 below (the units being cubic feet 
times hneal feet instead of weight times feet to save changing volume 
into weight and back again). 


■ j 49) was to be 3 ft. 

wide. The total length wiU, of course, be 24.8 ft., but as the two 

entrants are over the lower chords, 2 ft. 4 in. is taken off each end and the 
reduced ^rtion figured separately. The length is then 24.8 less two 

tlmt the bottom of the passage is on the line of the bottom chord gives 
^ gravity of this passage of 3.44, and a moment of 

thP m portion of 1,039. The total volume left is 3,777 cu. ft. and 

TiiX?hX X of gravity, 

cu. ft. id^7T55 Xml ^ 3,721 
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Iti like maimer four holcH, 3.' 2 X 4 X 1 ft. are placed in the bottom of 
the mass symmetrically about both the longitudinal and transverse center 
lines of the counterweight, taking out 50 cu. ft. and a moment of 361. 
Directly over these the opening.s are lengthened out to 9.5 ft. and run up 
5 ft. further, making four openings 3.5 X 5 X 9.5 ft., taking away 005 
cu. ft. and a moment of 2,228, and leaving the volume of concrete 88 cu. 
ft. less than the re<iuire<I, hut with the moment still higher than that of 
the upper mass. The prolilem is now to add 88 eu. ft. in such a position 
that it will increase the moment of the upper jiortion. This is accom- 
plished by placing a slab on top of the counterweight between the 
stringers. 

The distance to tlie center of gravity of this added block must be 
(t,.)00^^1,02.>) ^ distance from the center of moments 


to the top of the 11 ft. 9 in. nuuss is 4.81 ft. whicli leaves 0.04 ft. as half 
the depth of the blocks, or about 1 ft. 3 in. as the total depth. 

A machinery bracket comes across betwemi t he stringers about 1.6 
ft. back of the forward lint; of the cQunterw<nght and allowing 1-ft. 
clearance at the back gives 1 1 ft. as the length of the block. The width 

(n)(1.2H) " **'’^'** 

If it is desired, this 0.33 ft. can bo divided and the separate blocks 
placed between other stringc^rs without disturbing the balance. 
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DESIGN OF OPERATING MACHINERY 
By C. B. McCullough 

Doubtless the most logical method of presentation is by means of an 
illustrative problem for which reason the complete machinery design 
for the double leaf, trunnion, bascule highway bridge shown in Fig. 99 
will be considered at this time. 

It is not possible in the limited space available to treat the subject of 
machine design with any degree of thoroughness. The subject matter 
hereinafter presented will therefore be restricted to apply to the matter 
of calculations for design and proportioning of parts; treating the 
matter of machine details only incidentally, and with the utmost brevity. 

The two features which stand out as peculiar to the problem of 
design and selection of bascule machinery are: (1) The highly inter- 
mittent character of the duty, and (2) the uncertainty as to the loadings. 
It will be observed that a very large percentage of the loading imposed 
upon the machinery and power equipment is due to wind action, and 
that the actual maximum load of this character which may reasonably 
be expected is largely a matter of conjecture. For the foregoing reason 
bascule machine design is approached with an attitude slightly different 
from that for other mechanical equipment. Set and standard formulas 
may be subject to certain modification and stress calculation judgment 
tempered, to a certain extent, by experience and sense of proportion. 

In the problem which follows it has been thought best to interpolate 
such discussion as would serve to illustrate the foregoing thought and to 
confine the subject matter to the particular problem in hand avoiding any 
derivation of formulas or general discussion of the question of machine 
design. The work is intended to outline the general method of procedure, 
to illustrate the character of the problem involved, and to stimulate 
further investigation. A complete treatment of any of the individual 
problems involved may be found in any of the standard text or handbooks 
on machine design. 

36. General Data for Problem in Hand. 


Distance center to center trunnions 175 ft. 8 in. 

Distance center to center trusses 23 ft. 

Rack radius. 9 ft. 

Angle of opening 70 deg. 

Dead load (moving) (one truss only) 

River arm 104,7481b. 

Rear arm (concrete) 228,044 

Rear arm (steel) 24,858 


Total weight 357,650 lb. 
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Distance center to center river arm k» trunnion 41.40 ft. 

Distance center of gravity rt'ar arm (steel) to trunnion 12.50 ft. 

Distance center of gravity rear arm (concret.(^) to trunnion. 17.50 ft. 
Area of floor (one truss) 85 X 12 ft. 0 in. = 1,057 st|. ft. 

Distance center of gravity of floor un^a from trunnion 40.0 ft. 

(approx.) 




XTIE:: 


The above data, in practice, are compuU'd from the .structural cal- 
culations, by the structural designing H<iuad ami turned over to the 
machine designer in this form. 

The data are not exact, but 
closely approximate. Such items 
as the weight of the center lock 
machinery and the position of its 
gravity center must be assumed 
outright as calculations for the 
design of this fwrtion of the work 





Fkj. IKli. luitl wt’iinhtH. 


are yet to be made. The final results will doubtless slightly mo<lify 
the total weight of the river arm and the position of its gravity cent<'r. 
The difference, however, is rarely enough to necessitate a revision of 
the machinery and {Kjwer calculations. 

36, Wind Pressure Assumptions.- The following relationship, given 
by the formula P *■ 0.0{)32V’, may prove of value in formulating an 
assumption as to probable wind loadings; 


Wind ViDocirry iMium i'kw liu.) 
y 

40 

55 

09 

79 


VitHll I’HKHHtrllH iU) (•Ki) H«- Kt.) 

5 

It) 

15 

20 


It seems quite improbable that the machinery netul evttr he.calhul Ufmii 
to operate against a wind in excess of 50 miltw {xu’ hour velocity. How- 
ever, it has been common practice to design machinery of this {dinractcr 
against wind pressures between 10 and 16 lb. acting normal to the river 
arm. Viewed in another liglit a 15-lb. wind assiimptitm, while erring 
slightly on the side of conservatism, furnishtes a concisely stated require- 
ment which will result in massive utui well-designed machinery, stable 
against the countless impact and racking strains which niilitato against 
the life of mechanical equipment of this ty{)o and which are so hard to deter- 
mine exactly, The machinery in this ease will lxi calculated for the extreme 
15-lb. wind pressure viewed in the light of a blanket stiedfioation as above 
set forth. Slight modifications in the design of various parts because of 
the severity of this clause will bo discussed as the design is develoiKsd, 

37. Friction on Trunnions. — The laws governing friction on well 
lubricated surfaces are consitierably different from those for surfaces 
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which are dry, or which are unsiifficiently lubricated. If the surfaces 
are flooded with lubricant, the actual frictional resistance seems to be 
nearly independent of the pressure per square inch. At low pressures, 
the friction is a direct function of the speed, but for high pressures the 
friction is very great even for low velocities, approaching a minimum at a 
linear velocity of about 2 ft. per sec. and thereafter increasing approxi- 
mately as the square root of the speed. For first class lubrication, the 
temperature has a marked bearing on the frictional resistance due to 
the fact that temperatm-e changes cause a change in the viscosity of the 
lubricant and also because the diameter of the bearing changes more 
rapidly with a change in temperature than that of the shaft. 

The coeflS.cient of friction to be assumed in work of this character is 
dependent upon so many variable factors that it is impossible to formu- 
late assumptions which are dependable except in a very general way. 
It is general practice in bascule bridge design to assume the following 
coefficients for trunnion and roller friction: (1) Forged steel trunnions in 
phosphor bronze bushings, 15 per cent; (2) rolling lift bascule spans, 
8 per cent. Experiments seem to indicate that the coefficient of friction 
at starting will be several times as great as that for the friction of motion. 
The method of lubrication, and the quality of the lubricant has also a 
considerable bearing on the frictional resistance developed. All con- 
sidered, the above values may be said to represent conservative practice, 
and to err, if at all, on the side of safety. 

38. Maximum Starting Force at tiie Rack Circle. — ^The tangential 
force at the rack circle applied through the operating pinion must be 
sufficient to overcome the following resistances: (1) Inertia of the 
moving mass, (2) wind resistance; and (3) frictional resistances. 

38a. Inertia of the Moving Mass. — ^The force required to 
produce an acceleration a is given by the formula 

F a 


where M = the equivalent mass at the rack circle, and a = the accelera- 
tion in feet per second. If a given weight W has its gravity center a 
distance c from the center of rotation, the equivalent mass (not weight) 
reduced to a rack of radius r may be had from the formula 


__ 

“ 32 :^ 


or 


Mt^ = 


32.2 


Applying these formulas with the data given: 

Mr^ (For the river arm) = (104,748) (41. 40) ^ 32.2 = 5,576,700 

Mr^ (For the rear arm) (steel) == (24,858) (12.56) ^ h- 32.2 = 122,000 
Mr^ (For rear arm) (concrete) = (228,044) (17.50) ^ h- 32.2 = 2,169,000 


Mr2 (Total) 7,872,700 

M = (Round numbers) 97,100 

ft.-lb. 
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For 70-deg. angular rotation the length of travel on the rack is 

(2,r)(9)(70deg.)_,i 
-"■"300 deg: 

The usual time allowed for the complete opening of a span of this 
size is about 1 min. (the allowed opening time of course depends upon 
the importance of a speedy handling of traffic, certainly not more than 
min,, and preferably not more than 1 min. should be allowed for 
completely raising the span). Fixing the total time of opening at 1 min., 
the first 15 sec. may be assumed as constituting the period of acceleration, 
the last 15 sec. the period of retardation, leaving the intermediate period 
of 30 sec, for uniform motion. The uniform speed therefore becomes 
11 

'(‘M + 30 + 

The acceleration is, therefore, 

0.244 


= 0.244 ft. per sec. 


16 


0.0162(5 ft. per sec.' 


and 


F 


Ma - (97,100) (0.01626) - 1,580 lb. (for one rack) 

386. Wind Resistance. — The area of floor (for one truss) 
exposed to wind action is 1,037 sq. ft. (sec general data) and its gravity 
center lies 46 ft. from the center of the main trunnion. The tangential 
force at the rack circle duo to a Ifi-lb. wind is, therefore 

(uw)am) . lb. 

38c. Frictional Resistance. 

Load on trunnion (dead load) 357,650 lb. 

Wind load pinion reaction (sec Fig. 100) 79,500 


Total 

This frictional force is applied at 
the periphery of the trunnion (see Fig. 
100), and before wo can proceed fur- 
ther the dimensions of this trunnion 
must bo roughly determined. The 
unit bearing values usually assumed 
for slow moving heavy duty journals 
of this character (stool on phosphor 
bronze) vaty from 1,500 to 1,750 lb. 
per sq. in. AsHuming a 12-in. length 
for each journal and an ll-in, trun- 
nion, the unit pressure becomes 


437,160 lb. 



437,150 


1,650 lb. 
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(The above is approximate only since the dead load and the pinion reac- 
tion do not act in the same direction, see Art. 61.) This value is under 
the maximum specification. We may therefore use a trunnion of 1 1-in. 
diameter as a basis for calculation. 

The frictional force, reduced to the periphery of the rack circle, 
is, therefore: 

( 437, 150) (oM) ^ 

38d. Total Tangential Force at Rack Circle. — Summing up, 
the total tangential force at the rack circle is : 

Inertial 1,580 lb. 

Wind 79,500 

Frictional 3,300 


Total 84,380 lb. (say 84,000) 

It will be observed that the wind loading constitutes nearly 95 per 
cent of the total. The entire design of the operating machinery is, there- 
fore, dependent upon the assumptions made as to wind pressures. In 
view of the fact that the 15-lb. wind assumption is xmdoubtedly rather 
severe it may be well to tabulate values for the tangential force for 
other wind pressure assumptions, as follows: 

Frictional and inertial resistance alone. . . . 4,875 lb. 

5-lb. wind 


Frictional and inertial resistances 4,875 lb. 

Wind resistance 26,500 lb. 


Total 

10-lb. wind 

Frictional and inertial resistances 

Wind resistance 


31,375 lb. (say 31,000) 

4,875 lb. . 

53,000 


Total 


57,845 lb. (say 57,500) 


39. Design of Rack and Main Drive Pinion. — The rack in this case 
is bolted between wide gusset plates on the truss and its width is deter- 
mined by the design of the truss members. Racks of this character 
are made of cast steel usually cast in sections, the adjoining surfaces 
being carefully machined. The rack sections are bolted to the structural 
steel, by means of turned bolts. Figure 101 is a sketch showing the 
details of the rack designed to fit this particular truss. Figure 102 is a 
construction view of the same rack. 
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Before taking up the design of this portion of the work it may be well 
to take up very briefly the matter of gear design in general. The terms 
used in designating the various parts of a set of spur gearing are given in 
Fig. 103. 

If two wheels are geared to mesh: (1) The circular pitches are equal; 
(2) the pitch circles are mutually tangent; (3) the two pitch diameters 



are proportional to the number of teeth; (4) the linear velocities of the 
two wheels at the pitch circle are equal; and (5) the angular velocities are 
inversely proportional to the pitch diameters. 

There are in general two standard types of gear teeth in common use, 
the cycloidal and the involute, the latter type being the most commonly 
used and the type selected throughout this design. The involute tooth 
is designated by the angle 0 which the common tangent at the contact 
point makes with a line joining the centers of the two wheels. The stan- 
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dard involute tooth is 15 deg., or sometimes 143^ deg. (Brown and Sharpe 
standard), but 20-deg. involute teeth are often used for heavy duty gearing 
on account of the increased root thickness R. 



Many formulas have been devised for determining the strength of gear 
teeth, the most generally accepted being that of Wilfred Lewis as, follows: 

F 


Fig. 102. — Youngs Bay bascule. View showing rack and trunnion bearings. 
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where 

s * the unit fiber stress in the material. 

F =» the total tooth pressure. 

0 “ the circular pitch. 

/ = the width of the tooth face. 

2/ = a constant depending on the number and shape of the gear 
teeth. 



Fki, ICKI, Frittf’Ifinl dirntninitiim itiul ti»rrn>i hr g<!wr tiiath* 


Values of the constant y for tlu^ <!<Hntnonly uwnl gear sizes are given in 
the following table: 




nt li 


Vuhtiw (if p 

U«fth 

20 tlpg, invfi- 
tuti^ 

15 ifivo- 

hi if' luitl 

Nuinlwr 
of tfwih 

20 itivo- 

luUs 

15 <h?g. invo- 
and 
fiyclohlal 

12 

0 

07H 

0 cm? 

27 

0,111 

0 . urn 

la 

0 

mi 

0 (170 

30 

0JI4 

0. 102 

14 

0 

m 

0 CI72 

34 

0J18 

0. ICH 

IS 

0 

mm 

0 075 

38 

0J22 

0.107 

IS 

0 

im 

Cl CI77 

43 

0, 120 

0,110 

17 

0 

CM» 

0 (Ml 

50 

o.m 

0,112 

18 

0 

OUK 

0 (Mi 

OO 

0.134 

0,U4 

Itt 

Cl 

100 

0 0«7 

75 

0 138 

o.no 

SiO 

0 

ICI2 

0 OilO 

100 

0, 142 

O.MB 

2! 

0 

.104 

0 CHri 

150 

0. 140 

0.120 


0 

.100 

0.004 

300 

0. 150 

0. 122 

9« 

0 

m 

0 007 

Umk 

0J54 
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The unit allowable working stresses employed in the design of gearing 
by the Lewis formula have been the subject of much discussion. In 
general the value selected for the different tooth speeds will vary between 
the limits shown below depending upon the material and workmanship. 
Forged steel gears and pinions may well be stressed to a higher value 
cut cast gears. Rough molded gears should be stressed to a much 
less value gears with machined teeth, etc. For working stresses 
induced by the TYia-j n'miim 15-lb. wind loading, it is quite general practice, 
in work of this character, to even increase the maximum stress values 
given below by a small percentage : 


Tooth speed (ft. per min.) 

Unit working stress (lb. per sq. in.) 

(For use in the Lewis formula) 

Steel gears 

Cast iron gears 

100 

15,000 to 20,000 

6,000 to 8,000 

200 

12,000 to 15,000 

4,500 to 6,000 

300 

9,000 to 12,000 

4,000 to 4,800 

600 

7,500 to 10,000 

3,000 to 4,000 

900 

6,000 to 8,000 

2,500 to 3,000 

1,200 

4,500 to 6,000 

2,000 to 2,400 

1,800 

3,750 to 5,000 

1,500 to 2,000 


With these data we may proceed with the design of the rack and main 
drive pinion G1 (see Figs. 101 and 104) . Since the pinion is to be designed 
for heavy duty let us adopt a 20-deg. involute tooth. Assuming a circu- 
lar pitch of sii in., a tooth face of 11 in. (which is as wide as is possible 
with the rack used) and a pinion of 16 teeth, we find 

• ■ (3H)(11)(0.094) “ ^’2'" 


For holding (not operating) against a 164b. wind the inertial resistance 
would be eliminated. Moreover the frictional resistance would be 
deducted rather than added io the wind resistance and the tooth pressure 
would become 


(79,500 - 3,300) 
m) (11) (0.094) 


21,200 lb. 


For operating against a 104b. wind 


57,500 

® (3)^)(ll)(0.094) “ 

With the maximum wind condition the pinion is only 16 per cent over- 
stressed (assuming a 20,0004b. working stress for forged steel) which is 
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within tho limits of overstress generally allowed for the 15-lb. wind 
condition. 

Tho number of teeth in a full rack circle of radius 9 ft. would be nearly 
200 (see Fig. 101). Tho tooth stress in the rack therefore becomes 

^ “ (3M) (11) (0.147) " 

whicli value is safe oven for molded teeth. In this case the rack teeth 
are required to bo hand finished which doubtless permits of a larger unit 
stress being used. 

It is <![uito customary in work of this kind to use molded teeth for 
heavy duty racks without machining tho teeth, in which case the use of a 
lower unit stress is doubtless the part of widsom. 

40. Machinery Layout. — Having the main drive pinion designed it 
becomtis necessary before further designing can l)c done to sketch in at 
least a tentative layout of gears and shafting. Tho nature of this 
layout will of course depend upon tho structural dimensions of the bridge, 
the clearances, etc. While making those layouts, it becomes necessary 
to make “rough in” or preliminary calculations for clearances, etc. 
These preliminary calculations do not differ in principle from the final 
calculations and are not given here. Figure 104 shows the general 
layout ma<le after those rough in calculations were finished. 

The motors are direct connected to shaft BA and drive through )S4 
from pinion G'9 to 6’8. ({ears (78 and (77 arc fastened togetlicr and idle 
or rotate on shaft Pinion f??, liowever, meHh<!s with gear (76 which 
gear, together with pinion (75, is keyed to shaft <S3. The motion is thus 
transmitted to (76 and from (75 to (74 which is keyed tosliaft(S2. Shaft*S'2 
transmits tho power to pinit>n (73 and tlienco througli (72 to shaft 81, 
thence to pinion (71 which meshes with tho rack. When the bridge is to 
operate by hand, gears (77 and (78 are moved along tho shaft 82 so that (?8 
Iweomes out of mesh with 09 anci tho Iwvel gears (710 ami (711 are meshed. 
This operation is performed by removing a esjt collar and sliding the gears 
back or forth as may bo desired, replacing tlie set collar to clamp tliem in 
the desired position. 

Tho problem of determining the best arrangement for tho machinery 
is, in each case, an imiivhlual one; the following general principles 
however, sitotild guide tho designer in every case: 

(1) As betwoim several different arrangements the most efficient 
and economical layout is generally 

(а) Tile one tlmt is most compact and simple. 

(б) 'rhe one that permits easiest access to all portions of tho 
maciiiriery. 

(c) The one that contains the smallest number of moving parts. 

(2) Avoid tile use of Is'vel, miter or angle gearing wherever possible 
as the efficiency Is lower (85 per cent against 90 to 66 per cent). These 
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Fia. 104. 
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gears are moreover hard to maintain in exact alignment and are apt to 
rattle. 

(3) Avoid the use of worm gearing for transmission of power on 
account of the excessive friction loss. (The efficiency of a worm drive is 
between 50 and 65 per cent, as against 90 to 95 per cent for spur gearing.) 

(4) Wherever possible, place machinery on heavy unit castings, as 
shown in Fig. 115, rigidly anchored to the masonry, avoiding the use of 
structural members as a support for the machinery bases. 

(5) Arrange machinery details so that exact alignment during con- 
struction is easily possible (eliminating complex instrument work). 

(6) Avoid long shafting if possible, and, where unavoidable, trans- 
mit power through it at comparatively high speed. In other words, if 
long shafting must be used, make the high speed shafts rather than the 
low speed shafts the long ones. There is a very great amount of vibration 
in machinery of this kind. Long drive shafting has been observed 
having a movement under load so great that intermediate gears are 
nearly thrown out of mesh. Shafts such as S2 in Fig. 104 diould be 
steadied by intermediate boxings at every point possible, particularly if 
such shafts are to carry gears at intermediate points. 

(7) Avoid short vertical shafts and the consequent necessity for 
foot step bearings as these require hardened steel and are much harder 
to maintain than horizontal bearings. 

(8) Arrange machinery in general so that all parts, especially those 
subjected to wear, may be readily removed for repairs or replacement 
without disturbing the remainder of the machinery. 

41. Design of Gearing. — ^Before definitely deciding upon the gearing 
dimensions it is necessary to ascertain something of the power required 
to operate the span and at what speed the power plant is to operate, for 
without these data we are unable to determine what gear reductions 
are necessary. 

The maximum tangential force applied at the rack circle by the main 
drive pinion is 84,000 lb. (15-lb. wind load). The pitch radius of the 
main drive pinion is (33^) (16) 2t = 8.912 in. The maximum torque 
on the drive pinion is, therefore, 

(84,000) (8.912) == 750,000 in.-lb. or 62,500 ft.-lb. 

For other wind intensities the torque is as follows: 

10-lb. wind (57,500) (8.912) = 510,000 in.-lb. = 42,500 ft.-lb. 

5-lb. wind (31,000) (8.912) = 276,000 in.-lb. = 23,000 ft.-lb. 

0 wind (4,875) (8.912) = 43,600 in.-lb. = 3,600 ft.-lb. 


The maximum linear velocity of the rack (and therefore that of the 
pinion) has been calculated to be 0.244 ft. per sec. or 14.64 ft. per min.' 

The circumference of the drive pinion is — = 4.66 ft. at the pitch 
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14.64 

circle. The rpm of the pinion is therefore = 3.15 rev. per 

min. The power required to operate each pinion is given by the formula 

. 2 :r(torque)(RPM) _ 2 t(62,500)(3.15) _ 37 . i, „ tru"'- 

33^066 QQ onn - oi A n.p. per truss. 


33,000 


The above represents the power needed at the drive pinion and must be 
increased by a margin sufficient to cover the friction loss between this 
drive pinion and the motor shaft. 

For spur gearing the efficiencies at different speeds may be assumed 
as follows: 


EflSciency (per cent) 


Si>eed of gear 
(ft. per min.) 

Gear only 

Gear and journal 

Machine cut teeth 

Molded teeth 

Machine cut teeth 

Molded teeth 

3 

90 

85 

88 

83 

10 

93 

88 

90 

85 

40 

96 

90 

93 

88 

100 

1 97 


94 


200 

1 98 


95 1 



There will be about four sets of spur gearing and journals between the 
main drive pinion and the motor shaft. Assuming an average efficiency 
of 95 per cent for each set, the over all efficiency becomes (0.95)^ = 
0.81 + and the amount of power needed to overcome this friction loss will 
be 100 per cent 4- 0.81 = 124 per cent, or roughly 25 per cent excess 
power. The excess torque needed is also about 25 per cent. We may 
now tabulate our requirements for torque and power for the various 
wind loadings: 


Wind load (lb.) 

H.p. required 

■ 

Torque required 
(ft.-lb.) (Reduced to 
pinion speed) 


One truss 

One leaf 

One truss 

One leaf 

0 

2.7 

5.4 

4,500 

9,000 

5 i 

17.2 

34.4 

28,700 

57,400 

10 

31.8 

63.6 

i 53,000 

106,000 

15 ! 

46.7 

93.4 

78,000 

156,000 

For holding (not operating) against : 
a 15-lb. wind the values become 
76,500 ! 

g|“QQQ of the last values above | 

42.5 

85.0 i 

i 

71,000 

144,000 
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Electric power should be selected wherever the same is available as 
the operation is much more satisfactory than with any other type of 
power. Electric power will be used in this case and without going into 
the question of power plant selection suffice it to say that two motors 
for each leaf seem to be the logical power equipment. 

For successful operation these motors should meet the following 
requirements: 

(а) The two motors combined should operate the leaf in the required 
opening time against a 10-lb. wind. 

(б) The maximum torque of the combined motors should be at least 
50 per cent in excess of the torque required to hold (not operate) against 
a 15-lb. wind. 

(c) Either motor alone should develop a maximum torque 10 per cent 
in excess of the torque required to operate the leaf against a 10-lb. wind. 

From the manufacturers of electrical equipment, data concerning the 
speed and tonpio values for the various starulard motors may always be 
sescured, and from such data a tentative selection may bo made. 

The following table Is typical of data of this character, the motors 
being 440-VQlt A.G. slip ring, induction motors which will bo the type 
selected for this problem. 


'Paiu.k ur Hi'kbds and Tohquks 
{4i0-viitt A.C. Imluctitm Mutom) 



rt?v 

miti. 


(ft.-lb.) 

Il.p. 






HyrmhmtwniH 

Full luful 

Fall load 

Maximum 

m 

l*2{K) 

1,125 

70 

165 

m 

mm 

8S0 

95 

250 

m 

72i} 


LID 

S90 

22 

1/2CM) 

1,135 

102 

240 

22 

900 

S50 

ISO 

400 

22 

720 

080 ' 

170 ; 

500 

eo i 

1,200 1 

1,145 

1S7 1 

400 

so 

; tKK} ! 

580 

188 

525 

im 

i 1,200 1 

1,140 

lOl 

410 

B7 

1,2CMI 1 

1,155 

lOH 

600 

ST 

1 tKM) 1 

570 

S40 

870 

52 

j mm \ 

800 

SIS 

1,000 

52 

' mm ^ 

570 

480 

l,!50 


Wo will tentatively select two 35-h.p. motors as per the above table and 
determine if tijese mwt all requirements. 

The 8|«H*d of the motor at full load is 1,140 rev. per min., the gear 
reduction lietwoon the nniin pinion and said motor shaft must therefore 
Ik* t HO + 3.15 - 302. 
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The following motor torques are developed: 

Operating against 10-lb. 

wind one truss. . . . 53,000 4- 362 = 147 ft.-lb. 

one leaf 106,000 4- 362 = 294 ft.-lb. 

Holding against 15-lb. wind, .one truss 71,000 362 = 196 ft.-lb. 

one leaf 142,000 362 = 392 ft.-lb. 


To satisfy the requirements listed above, each motor must deliver 
the following: 



Full load torque 

Maximum torque 

Power 

(a) 

147 ft.4b. 


31.8 h.p. 

(6) 


196 -h 50 per cent = 294 ft.db. 


(c) 


294 + 10 per cent - 324 ft.-lb. 



From the above the motors originally selected seem to be entirely satis- 
factory, developing sufficient power to operate the leaf against a 10-lb. 
wind in the required opening time. In case of a break down of one motor 
the other will still operate the span although at a much slower speed. 
It is also noted that one motor alone wiU develop just about enough 
overload torque to hold the span against a 15-lb. wind in case of a break 
down disqualifying the other motor. 

Adopting the above motor equipment we are now ready to proceed 
with the design of the gear train. After several trials the layout given in 
the table on p. 141 (see also Pig. 104) is adopted. This system of gears 
gives the following reductions; 


Speed of pinion G1 and gear G2 3.15 rev. per min. 

Speed of G3 and G4 = (3.15) (®%5) 18.90 rev. per min. 

Speed of G5 and GQ = (18.90) (®^g).. . 67.00 rev. per min. 


Gear G1 idles on shaft S2 but is rigidly fastened to gear (?8, therefore, 

Speed of (?7 and (?8 = (67.0) (^^g) 238.00 rev. per min. 

Speed of G9 and of motor = (238) {^%i) 1090 . 00 rev. per min. 

This is as near the exact reduction as is practicable and simply means 
that at 1,140 rev. per min. the bridge will be opened in slightly less than the 
assumed opening time of Imin. 

The exact gear reducrion between the main pinion and the motor 
shaft is (^9^5) = 346 and the exact torques required 

at the motor shaft are: 

For 10-lb. wind one truss 153 ft.-lb. 

one leaf 306 ft.-lb. 

Holding against 15-lb. wind one truss 205 ft.-lb. 

one leaf...... 410 ft.-lb. 
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These are only slightly in excess of the torques computed on the 
basis of a gear reduction of 362 and are still withi n the limits of motor 
performance as given imder the headings a, b and c above. 

We may now proceed with the design of the gears. Gear 02 being 
considerably larger than the main drive pinion and transmitting the 
same torque will be required to transmit a smaller tangential force. 
We are therefore safe in assuming a much less tooth thickness. Let 
us assume a circular pitch of in. (using 20-deg. involute teeth ae 
before) and a face width of 43^ in. 


p (circular pitch) in. 

/ (face width) 43^ in. 

2/ (from table) 1.41 

Pitch diameter (for 90-tooth gear) = (90)(23|) - 4 - tt = 60.87 in. 

( 17 82\ 

j = 24,600 lb. 

/60 87\ 

The tooth speed at the pitch circle is (3.15) (ir) {^~ ^2 )~ 50 ft. per min. 

We may, therefore, assmne the efficiency of the pair of gears (including 
the journal friction) as 93 per cent, whence 


F (including friction loss) = 


24,600 

0.93 


= 26,500 lb. 


s = 


26,500 


which is safe for a tooth speed less than 100 ft. per min. (see table. Art. 39). 
For pinion G3, assuming a face width of 63i in.. 


s = 


26,500 

(6M) (231) (0.092) = 

57,600> 


For a 10-lb. wind the tooth stress is ( g j ' QQq ) of the above or 14,600 Ib. per 
sq. in. 

The gears in general are made of cast steel while the pinions are made 
of forged steel, the teeth to be cut from the solid. It is therefore entirely 
permissible to stress a pinion slightly higher than its meshing (cast st^el) 
gear. The above dimensions are therefore entirely satisfactory. 

In like manner the design for the entire gear train is worked out. The 
results are tabulated below. 

It will be noted that the rest of the gears are designated by diametral, 
rather than circular pitch. The pitch diameter is given at once by the 
expression 

± number of teeth 

pitch diameter = -j-. 7 — i — m- 

^ diametral pitch 

and the circular pitch cp is found from the formula 


circular pitch = tt -f* (diametral pitch) 
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In general circular pitch is used for cast gearing and for large milled 
teeth while diametral pitch is used for smaller cut gears and pinions. 
Unless otherwise noted, all gears are to be of cast steel and all pinions of 
forged steel. 

Most gears for work of this character are of cast steel with forged steel 
pinions. For minor parts the use of cast iron is sometimes permitted. 

Lately the tendency is toward the use of heat treated and hardened 
gears and pinions; nickel, chrome nickel, chrome vanadium and high 
carbon steels being used. The advantages accruing from the use of heat 
treated metal are: Greatly increased strength, low rate of wear and con- 
sequent long life, infrequency of renewals and the possibility of using 
higher working stresses, thus producing a more compact design. 

Hardened gears are sometimes 
ground and polished (using garnet or 
some other abrasive), thus producing 
an exceptionally quiet and smooth 
running train of gears. 

42. Design of Shafting. — Figure 
105 illustrates the general arrange- 
ment of pinion shaft and bearings. 
The pinion shaft extends beyond the 
outer bearing and carries G2 as a can- 
tilever, but this loading does not in 
this particular case materially affect the shaft stresses. 

The working stresses given below may be used to govern the design 
of shafting for work of this character. It is observed that these values are 
rather higher than employed for ordinary mill and shop work. This is 
due to the highly intermittent character of the duty with consequent 
reduction in the amount of wear and to the very rigid assumptions as to 
wind loading. 


Speed of shafting, revolutions 
per minute. 

Allowable stress in bending 
(lb. per sq. in.) 

Allowable shearing stress 
(lb. per sq. in.) 

10-lb. wind 
loads 

15-lb. wind 
loads 

10-lb. wind 
loads 

16-lb. wind 
loads 

Less than 20 

14,000 

16,000 

10,000 

12,000 

20 to 60 

12,000 

14,000 



60 to 100 

10,000 

12,000 



Over 100 

8,000 

10,000 

8,000 

10,000 



The maximum bending moment Mj, at the center of the main pinion is 
readily seen to be 


f-n \ /rtrtN /QA Cinn 


a/23M\ 


/00^ - nerr nrvn •_ il. 
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The stress due to bending above is found from the formula 

_ MbC __ 22Mb 


I 


= the moment of inertia = circular shafts and c = 

Assurbing a 10-in. shaft (allowing % in. for keyway) 


_ (32) (955,000) 
^ (^)( 9 . 25 )^ 


12,300 lb. 


The maximum torque or twisting moment, Mt, has already been calcu- 
lated being (84,000) (8.912) = 750,000 in.-lb. The shearing stress due 
to this twisting moment alone is found from the formula 


h - I 

ip 

where Ip represents the polar moment of inertia 


32 


for circular shafts. 


Whence 


^ 16Mt ^ (16) (750,000) 
Trd^ 7r(9.25)3 


4,8301b. 


Where torsional and flexural forces exist simultaneously, as in this 
case, it can be easily shown that both the shearing and tensile (or com- 
pressive) stresses are increased, the maximum stresses occurring parallel 
and perpendicular to certain inclined shear planes. The maximum 
values are given by the formulas: 


./max. = M(/ + V/^ + 4/.^) 

Applying the formulas 

/ma*. = M [12,300 + \/(12, 300)2 + 4(4,830)® ] = 13,950 lb. per sq. in. 
/s^ax* ~H V(12, 300)2 ^ 4(4,830)2 = 7,800 lb. per. sq. in. 


For torque only (which is the condition at the journal boxes) shearing 
stresses alone are developed, the value of which may be found as follows: 
Assuming a 7-in. shaft (neglecting keyway deductions) 


and 




(16)(510,000) ^ 

\ ?oAo\ • == 7,550 for a 10-lb, wind 

{Tr){6^o) 
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The above stresses are lower than need be and it is quite possible to 
cut this shaft to a diameter of 9 in. at the center tapering to 63^ 
at the bearing B without undue overstress. 

43, Keys for Shaft SI. — ^The torque at the main pinion is 750,000 
in.-lb. (see above). Reduced to periphery of the 9-in. shaft, the tangen- 
tial force becomes 


750,000 

4M' 


167,000 lb. 


Using two keys each as long as the pinion (11 in.) and assuming a 
working stress of 5,000 lb. per sq. in. in shear and 12,000 lb. per sq. in. 
in bearing, the dimensions of the keys are found as follows: 


Width (shear) 


167,000 

(2)(11)(5,000) 


Depth (bearing) 


167,000 

(2)(11)(12,000) 


= 1.52 in. 
= 0.63 in. 


Two keys 2 X in. are ample for this purpose. 

44. Hand Operating Mechanism. — bridge of this size, and powered 
as effectively and as certainly as this one, need rarely to be operated by 
hand power. Notwithstanding this fact some method of hand operation 
should be provided as emergency equipment. 

It is impracticable to attempt to provide for hand operation against 
a wind pressure in excess of 5 lb. per sq. ft. or to attempt a gear reduction 
to reduce to torque beyond that which may reasonably be expected from 
four men. 

The customary specification for hand power provides that each man 
be assumed to exert a sustained tangential force of 40 lb. and to travel 
at a rate of 160 ft. per min. 

The maximum torque under a 5-lb. wind has been calculated to be 
23,000 ft.-lb. At gear G8 this torque becomes 


(23,000)( 


rev, per min, of pinion 
rev. per min. of gear G8 


) 


(23, 000) (3. 15) 
238 


305 ft.-lb. for 


one truss, or 610 ft.-lb. for one leaf. 

The above value does not include the power absorbed by the gear 
and journal friction between the main pinion and the capstan lever. 
Assuming an eflSciency of 90 per cent (since the gears are moving slowly) 
for each pair of spur gears and an efficiency of 85 per cent of each pair of 
bevel or miter gears, the over all efficiency becomes 

(0.90)3 (0.85)3 = 0.45 
The applied torque is therefore 


^ - 1,360 ft.-lb. 
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Four men each at the end of a 4-ft. lever exert a combined torque of 

(4) (4) (40) = 640 ft. -lb. 

The gear reduction between GS and the capstan shaft must, therefore, 
be 

1,360 „ . . . 

= 2.2 (approx.) 

By making gear (?10 with 48 teeth and gear Gil with 19 teeth, a 
reduction of ^^9 ov 2.5 is effected, which seems to meet the require- 
ments. No further gear reduction is needed and the other bevel gears 
are made miter gears (speed ratio = 1.0) and serve only to transmit the 
power to a location convenient for the capstan shaft. 

During the opening of the bridge the main drive pinion travels 
approximately 11 ft. (linear distance), or 

(11)(^K6)(3M) = 2.36 rev. 

The gear reduction between this pinion and the hand turning shaft is 

("%5)(®M8)(®^f8)(^^9) = 190 (approx.) 

and the turning shaft will, therefore, need to make (2.36) (190), or 448 rev. 
Each man at the end of the 4-ft. lever will travel (448)(27r)(4), or 11,300 
ft. The time of opening by hand is, therefore, 

11,300 ‘ ^ 

- = 70 mm. (approx.) 


46. Center Lock Mechanism. — ^The center lock is designed to lock 
the two leaves together in their closed position and is proportioned to 



Left Uof Right Legf 


Fig. 106. 


transmit a certain predeter- 
mined shearing stress from 
one leaf to the other. In 
this case the center lock is 
proportioned to transmit a 
shearing stress of 20,000 lb. 
and consists of a cast steel bar 
sliding in and out of a cast 
steel socket riveted to the 
sides of the truss. 

The locking bar must act 
as a cantilever between the 


point of application of the socket pressure and its point of support. 
This latter point is rather hard to locate exactly. Assuming a length of 
cantilever of 10 in., the bar must be designed to resist 20,000 lb. in shear 
and (20,000) (10) = 200,000 in.-lb. in bending. 


The general arrangement of center lock pin and socket is shown in 
Fig. 106. The socket castings are designed more from a sense of pro- 
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portion than from any set formulas and the riveting is designed to develop 
the full strength of the locking bar. 

46. Motor Power Required for Center Lock. — The total shearing 
stress (two trusses) transmitted by the center lock has been assumed as 

40,000 lb. Using an assumed coefficient of friction of 30 per cent (which 
is a safe assumption) the pull on the center lock will be 30 per cent of 

40,000 lb. = 12,000 lb. The duration of , the operation of locking or 



unlocking the bridge should probably not exceed 12 sec. and since the 
total travel of the locking pins (see Fig. 106) will be about 7 in., the power 
developed is 


(12,000) (7) 
12 


7,000 in.-lb. per sec. 


or 


(7,000) (60) 
12 


= 35,000 ft.-lb. per min. 


or 


35.000 

33.000 


1.01 h.p. 


Assuming an overall efficiency of the transmitting mechanism of 60 
per cent, the theoretical power required is 


^ = 1.7 h.p. (approx.) 


.10 
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The most efficient method of operating the center locking device is 
by means of a small electric motor placed at the mid of the leaf , m shown 
in Fie 107 The motor selected in this case will he a ,J-h.{). A.t., motor 
running at a full load speed of 1,125 rev. per min. wliich will afford uhout 
75 per cent excess power. It is of course not neitessary to adopt a 



{CouTteay of Foote Broe, Gear Machine Co,, Chiami 
Fig. 108. — Foote spur gear apood transformer ami <Hroct c'oum»»‘t(*d oU*<*rfir mufur. 


power unit as large as this but the difference in cost Indween a 3-li.p. 
and a 2-h.p. motor is so small that it hardly pays to risk burning out 
or stalling the motor in case the locking pin shoultl Ijocome jammed. ^ 
The complete operation of locking or unlocking tlui hridgi* najuires 
a one-half revolution of the crank shaft, ami consumes a time interval 



iCourteey of Foote Brm, Omr Machine Cu„ Til l 

Fig. 100. — Assembly view of F<K)tG spur gour speed triutsforrner. 


of 12 sec. During this time the motor makes approximately (1,125) 
(^Ho) = 225 rev. The gear reduction necessary is tluirefore 225 4- }4 
= 450. 

The problem then resolves itself into that of designing a train of 
gears to accomplish the above reduction with due simplicity and without 
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the necessity for a large number of exposed moving parts. A spur gear 
reduction of 3:1 together with a speed transformer’^ having a speed 
ratio of 160:1 solves the problem and is the solution adopted in this case 
(see Fig. 107). 

There are several types of commercial reduction gears on the market, 
some involving the planetary principle and others involving nothing other 
than a train of spur gears so arranged that the driving and driven shaft 
are concentric one with another, this latter type giving much better 
service. The bridge engineer is not vitally interested in the design of 
the internal mechanism of a reduction gear of this kind any more than he 
is with the internal design of an electric motor. The gear may be ordered 
from the manufacturer to transmit a given horsepower at a given speed 



Fig. 110. — Diagram of worm gear speed transformer. 


in revolutions per minute of the driving shaft and with a given speed 
reduction ratio. 

The advantage of a compact reduction gear of the type above de- 
scribed (see Fig. 108) may be summarized as follows : 

(1) Great strength and durability. 

(2) Enclosed, oil tight and dust proof gear box, free from the danger of 
grit. 

(3) Freedom from the danger, and from the noise of exposed gearing. 

(4) Compactness. 

This type of transmission is used for powers from 1 h.p, to 100 h.p, 
and for reduction ratios from 1 :4 to 1 : 325 and above. 

For reduction duty of this kind, worm gear speed transformers are 
also sometimes employed. The spur gear variety are to be preferred, 
however, because of the higher efficiency and the lessened need for con- 
stant attention as regards lubrication. 

It is noted from Fig. 110, that for every revolution of a single threaded 
worm, the worm wheel travels forward by one tooth. The speed ratio 



148 


MOVABLE AND LONG-SPAN STEEL BRIDGES [Sec. 1-46 


foi- a single thread worm is, therefore, equal to the number of teeth in 
the worm wheel. The general expression for any type worm is 

„ , . . number of teeth in worm wheel 

number of threads m worm 

It is not necessary as a general rule for the bridge engineer to design 
his worm drive transmission, the problem being one of selection from the 
standard manufacturers’ lists. 

The following table is typical of those to be found in any manufac- 
turer’s list and serves to illustrate the point: 


TAHiiE OP Dimensions and Propeeties Foote Bros. Worm Gear Transmissions 
(Courtesy of Foote Bros. Goar & Machine Co., Chicago, U. S. A.) 


Style number 

2QW 

20 If 

20 

20 If 

2or 

20W 

20 If 

20 ir 

Ratio 

28 

33.33 

35 

42 

50 

70 

84 

100 

Safe load in pounds at 

745 

650 

1030 

1700 

1530 

1105 

890 

765 

pitch line at this revo- 









lutions per minute.. 

750 

750 

750 

750 

750 

750 

760 

750 

Pitch 

HCP 

6DP 

^CP 

IHCP 

3DP 

%CP 

HOP 

ODP 

Safe load, pounds, stand- 









ing pressure 

1,060 

900 

1,300 

2,000 

1,800 

1,300 

1,050 

900 

Horse power 

2.00 

1.33 

2.50 

4.75 

3.50 

1.87 

1.25 

0.87 

Pitch diameter of gear. , . 

16.71 

16.66' 

16.71 

16.71 

16.66 

16.71 

16.71: 

16.66 

Number of teeth 

84 

100 

70 

42 

50 

70 

84 1 

100 

Face 

2H 

m 

2H 


2H 

2H 



Largest gear shaft 

2^6 

2Kc 

2^6 




2^6 

2?f« 

Largest worm shaft 


I'Ke 



I'Ke 




Center to center W and G. 

10 

10 

10 

10 

10 

10 

10 

10 

'rh reads in worm 

Trip. 

Trip. 

Doub. 

Sing. 

Sing. 

Sing. 

Bing. 

^ Sing. 

Pitch diameter of worm. . 

3.29 

3.33 

3.29 

3.29 

3.33 

3.29 

3.29 

i 3.33 


It is noted that the reduction desired, 1:160, is rather greater than 
any of the worm transmissions listed in the table for which reason another 
pair of spur gears should probably be employed. 

Assume that the style shown in the above table is tentatively selected, 
the one having a speed ratio of 50 being chosen. The normal revolutions 
per minute as listed is 750. If a pair of spur gears is introduced between 
the worm shaft and the motor with a ratio of approximately 1^:1, then 
when the motor is running at full load speed the worm will be making 1 ,125 
■4- IH. or 750 rev. per min., and the worm wheel will bo making or 
16 rev. per min. 

The safe load at the pitch circle of the worm wheel at this sptiod is 
given by the table as 1,530 lb. The radius of the worm wheel is 8.33 
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in. or 0.7 ft. (approx.). The power which may be safely transmitted to 
the worm wheel shaft is, therefore, 


(1,530) (0.7) (2t) (15) _ 
33,000 ' “ 


which is ample for this purpose. 

This worm may bo used, therefore, for this service providing a spur 
gear reduction of 450 (50) (1)4) =6:1 is used between the worm 

transmission and the crankshaft. 

The installation, using this type of transmission, takes more power, 
as the efficiency is much lower, and is also much more cumbersome and 
bulky than the spur g(;ar reduction first described. 

47. Design of Center Lock Shafting.^ — The line shafting S5 (Fig. 107) 
is designed by the formula used for the design of the main pinion shaft, 
the result sliowing a 2^3.f6-in, col<l rolled sliaft to bo necessary, 

48. Design of Pin (PI) in Crank. — Let us assume a pin of 1% in. 

diameter, and a cotmecting rod lead thickness of 1% in. This pin trans- 
mits a coime<;ting rod stress of s= 6,000 lb. and a bending 

moiiK'nt of (6,(KK))(1 Jl) + 2 = 5,250 in.-lb. From those data we find 


. , 0,000 

Imit bearing stress » (1*14)(1'14) 

f5,25())f32) 

I nit liber stre.ss in iHUiding , 


= 1,950 11). porsq.in. 


= 10,000 lb. per sq. in. 


The above unit bearing stress would be high for a shaft bearing but 
this load is highly intermittent, and the motion very slow, and of short 
duration, consequently the load conditions partake of the nature of static 
stresses for which the value 1,9.50 lb. per sq. in, is very low. 

The key for attaching the crank to the drive shaft is designed as 
follows: 

'roripK* on drive shaft (6,000)(3)4) •“ 21, (XM) in.-lb. 

Radius of drive shaft ■■ 1.35 in. 

'rangenl ial shear - 21,000 + 1.35 - 15.600 lb. 

Using a siptare key (J4)m >«•) 

Unit shear - - 7,1001b. 

Unit tearing " 14,200 lb. 

These slressi's are higher than usually allowed for line shafting (see 
Art. 43 ) l)ut may be us«h1 hero in view of the short duration and inter- 
mittent character of the load as above noted. 
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49. Design of Gearing for Center Lock Drive. — Gears G16 and Gil 
are designed exactly as hereinbefore outlined with the following results: 


G16 

Diametral pitch 3 

Number of teeth 18 

Pitch diameter 6 in. 

14H-deg. involute teeth 

Face width in. 

G17 

Diametral pitch 3 

Number of teeth 72 

Pitch diameter 24 in. 

14}^-deg. involute teeth 

Face width 3 in. 


Gear 018 will be practically the same as (rl6, except that G18 has 15 
teeth. 

The bevel gears G19 and G20 are designed as follows: 

Torque on shaft S6 = (2) (21,000) 2 ) = 8,750 in.4b. 

Assuming one man to operate at the end of a 5-ft. lever, exerting an 
average tangential force of 50 lb., the torque developed is (50)(60) = 
3,000 in.-lb. The gear reduction needed is therefore 

^*^^^ 1000 - 2.92 

The bevel gears G19 and G20 are designed exactly as if they were 
spur gears, except that the allowable unit stresses assumed in the design 
are generally taken as 75 per cent of the values adopted for spur gearing. 
Assume a 2-in. face and a circular pitch of in. For G19 use 15 teeth 
and for G20 use 45 teeth (which gives the required reduction 3:1). The 
pitch diameter of ff 19 is 5.968 in. and that of G20 is 17.905 in. The tooth 
speed for this pair of gears is, by inspection, about 8 ft. per min. The 
unit stresses for cast iron gears should therefore not exceed about 75 
per cent of 7,000, or 5,250 lb. per sq. in. (see table on p. 132). 

5 968 

The tooth pressure at the pitch cone is 3,000 ^ — = 1,000 lb. 

(approx.) . Applying the Lewis formula 

^ = (2)(lJS*(0.b75) = 

and 

/ = (2) (1^^^ (0.1 11) “ 

These values are practically within the above allowable stress limits. 
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The horizontal and vertical shafts and )S7 are calculnied in the 
ordinary manner, hereinbefore described. 

60. Calculation for Bearings for Main Pinion Shaft, 'riie outer 
bearing for the main pinion shaft must be designed to carry the reaction 
from the main pinion and also from gear (?2 (see Fig. 105). The pinion 
reaction is 84,000 lb. and the reaction from g('ar (/a transmitted to gt'ar 
02 is 26,500 lb. (see table of gear stresses). The maximum bearing reac- 
tion, assuming both the above forces to bo in the same plane', which is 
nearly true for this case, and neglecting the dead load of the gears, is 
given by the expression 

(84,000) (22) -t- (26,500) (63M) _ onn ih 
= 45M -^.i.uuun*. 

For phosphor bronze bushings and slow motion tho allowable Ixniring 
pressure is generally taken at a value between 1,000 ami 1,200 lb. fH'r sq, 
in. For the very slow motion in this case tho working iJressure may he 
taken as high as 1,400 lb. per sq. in. from which the neccHsary Iwaring 
width is found to be 

In this case a 9-in. bearing will be used. This witlth is ample to care tor 
the dead load of the gears, etc. In this manner tho other In'iiringH arc* 
designed. 

For heavy duty work, in designs of this character, phosphor bronzo 
bushings are generally employed. For low presHuro duty babbittftcl 
bearings may be used, as shown in Fig. 116. Tlui phosphor bronze 
bushings may be detailed as shown in Fig. Ill, or, for lighter tluty, nuiy 
be babbitted in place. The bushinp are scraped to fit the journal ami 
oil grooves are cut for both top and bottom buahiiigs. 

A good bearing should combine the following qualities: 

(1) Minimum wear. 

(2) Provision for easy adjustment to line and «devatlon. 

(3) Provision for removal with a minimum disturbance to the 
rest of the machinery. 

(4) Adequate and positive lubrication. 

The two-halves of the bushings are so constructed as to ptJrmit atljust- 
ment by means of brass shims or liners and tho lubrication is effected by 
means of grease cups (see Pig. 111). Bearings for Imvel gears should bi 
constructed as a unit wherever possible in order to eliminate! tho teiul* 
ency for such gears to spread under service. 

61. Design for Main Trunnions. — The load on the main trunnioti 
is the resultant of: (1) The dead load of entire bascule leaf, (2) tlie maxi- 
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wind load, and (3) the pinion reaction. The resultant of these 
-.^^i'ee forces may be obtained either analytically or graphically (as per 
^ 112) and is found to be 435,000 lb. for each trunnion. 

A trunnion diameter of 11 in. was originally assumed for the calcula- 
of trunnion friction using a rough method of calculation (see Art. 
®c). With more complete and exact data now at hand we may compute 
exact size of trunnion needed. 

The total area required for each bearing, using a working value of 
^>'3^00 lb. per sq. in. for bearing on phosphor 
^^onze is . ^ 

435,000 


(2) (1,700) 


= 128 sq. in. 


A journal box of 14 in. total length will 

128 

^^quire a trunnion diameter of = 9 .2 in. 

-A. diameter of 10 in. is therefore sufficient 
regards bearing. 

The thickness of the structural steel 
t>earing on this trunnion is IJ^ in. for each 
Web, or 3 in. for each trunnion. The bear- 
i ng stress on the structural steel is, therefore, 

435,000 ..cAAii. 

(10X3) " ^ lb. per sq. in. 



Fig. 112. — Trunnion stresses. 


which is also satisfactory. 

Assuming the reaction from the truss to be concentrated at the center 
of the web, and the load transmitted to the trunnions to be concentrated 
ah the center of the trunnion bearings (see Pig. 110), the trunnion is under 
Sb bending moment of 


^ 435^000 ^ (10) = 2,175,000 m.-lb. 


The unit fiber stress in bending is, therefore, 

f - 3m ^ (32)(2,175,000) _ 

^ Tcd^ t( 10)3 - 22,100 ib. 

This is about 30 per cent high, but the condition is remote and a 10-in, 
-trunnion would probably give excellent service. 

For trunnions above 8 in. in diameter, however, it is customary to 
s pecify a counterbore not less than one-fourth the diameter of the trunnion 
Xf the 10-in. trunnion above is counterbored, the stresses will be even 
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higher than those noted. Let ns, therefore, try a trunnion 11 in. in 
diameter with a 3-in. counterbore. Then 

. _ Me 

” r 

d . j. 7r(d^ •“ di^) 

gj 

, 32M (32X2,175,000) 

- ,-(<!• - 5?) /11‘ - 3>1 ■ “■ 

T 11 

We will use this dimension for our trunnion (as shown in Fig. 111). 

62. Design of Hand Brakes. — The gen- 
eral arrangement of brake band and levers 
which will be employed in this case, is shown 
in Fig. 113. When a force F is applied at the 
end of the hand lever, the sum of the tensions 
So and Si in the brake band, B, is found from 
the expression 

/a f o _ Fr^r2 


Fig. 113. 


(Bo + Bi)ri = 


Bo + Si 


It may be easily shown^ that for ^‘impending slip^ 

Bi jf 


^ Consider the brake band shown in Fig. 114. Let 

p = the unit normal pressure at any point. 
S = the tension in the brake band, 
r ~ the radius of the brake drum. 

/ = the coefficient of friction. . 

F = the total friction S/pds. 

Then from elementary mechanics 

Also from the figure ' 

dF = /pds dS *5 

ds = rdd ^ 


Cf O Cf“ Cf — 



Fig. 114. 


Integrating each side 


log« Si — loge /So 


That is, 


§1 = 
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where e = the naperian base = 2.71828. 

/ = the coefficient of friction. 

6 = the angle of contact in radians. 

Substituting for Si in Eq. (4) above, we have 

So(l + = — * 

The torque on the brake band is easily seen to be 
{Si - So)ro = — l)ro 


whence by substitution 

Tb (the braking torque) = 

For the various angles of contact the values for an assumed coeffi- 
cient of friction of 20 per cent are worked out for ready use in the table 
below. 


Value op 6 ^ 

Deghees Value op e/fl » eO‘2®^ 

140 1.63 

160 1.74 

180 1.87 

200 2.01 

220 2.16 

240 2.31 

270 2.57 

300... 2.85 


With the above data at hand we are now ready to take up the design 
of the brake lever system. 

The braking torque necessary to hold the span against a 15-lb. wind 
is obviously 


(76,200) (8.912) = 679,000 in.-lb. (approx.) 
on the main pinion shaft. 

Reduced to the speed of shaft SZ the braking torque becomes 
679,000^^^^^^ = = 31,800 in.-lb. for one truss 

(2) (31,800) — 63,600 in.-lb. for one leaf 

The system of brake levers should be sufficient to develop this braldng 
torque in an emergency using, as a basis of calculation, a maximum pull 
at the end of the brake lever equal to twice the normal, or 100 lb. Assum- 
ing the following dimensions for the system in question: ri = 3 in., 
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It only remains to design the levers, cranks, pins, and connecting 
rods, which form the system, in such manner as to safely carry the stresses 
irrxp>osed and also to design the band sufficiently wide to prevent burning 

The design of the levers, cranks and pins need not be discussed further 
except to state that low unit stresses should always be adopted as a 



Fig. 116 . — Typical babbitted bearing. 


b*rcakdown of this equipment during an emergency would prove disastrous 
irLdeed. 

If p is the unit pressure on the brake band in pounds per square inch, 
artd V is the velocity of the rim of the brake wheel in feet per second, the 
value pv for work of this character should not exceed 18 to 20, otherwise 
ttic brake lining is likely to become injuriously heated under service and 
to burn out. The above applies to the timber block type of brake lining 
wiiich is the type used in this case. For brakes running in an oil bath^ 
etc. a higher value of the term pv may be used. 



f^ECTION 2 

VERTICAL LIFT BRIDGES 
By n. E. 

Vertical lift bridges of small spans and low lifts were eonstnieted in 
Europe at a fairly early date. No vertical lift bridges of any sizi*. how- 
ever, were constructed there until recent years. In IKrtO ( 'apt. W. Mor- 
son, an Englishman, designed a vertical lift bridge with a si>an of UK) ft, 
and a rise of 54 ft. for crossing the Rhine Itiver at ( '(dogne, but a compet- 
itor secured the prize in the compotith)n in which the plans were enb'red. 
Oscar Roper of Hambiirg in 1807 designed a bridge with a lifting span of 
300 ft. and a high rise to allow the passage of ocean going vtjsstds, but this 
bridge was never built. 

Squire Whipple in 1872 began designing and building small vta-tical 
lift bridges to cross canals in New York. In 1.H92 I hart or Waddell 
designed a vertical lift bridge 260 ft. long with a ri.st! of MO ft. to span the 
ship canal at Duluth. This bridge was not built because of the objta'tions 
of the War Department. The first vertical lift bridge of any importaru^e 
to be built in this country probably was tho South flalstt'atl Htrt'ct 
Bridge at Chicago. This bridge was designcil by Ikador Waddell in 
1892 and constructed shortly afterward. It had a span of 120 ft. and a 
maximum vertical clearance of 155 ft. For a p<!riod of 12 or 1.5 years 
, after the construction of the Halstead Street Bridge v<'ry little progrtiss 
was made in the construction of vertical lift bridgea, but ainc^e HKIS many 
well designed and economical lift bridges of this ty{K! have be»*n {con- 
structed, one engineering firm having designed ami built about *10 of 
these bridges. 

1. Advantages of Vertical Lift Bridges.~Com pared with swing and 
bascule bridges, the vertical lift bridge has proved from data availalihc 
to be economical both in construction and operation and there is no iloubt 
but that many bridges of this type will be constructed in tlio future. 
Some of the advantages of the vortical lift bridge are as billows : 

First Cost . — It seems to be generally admittetl that tho first (cost of a 
vertical lift bridge is about the same as that of swing and bascuhi bridges 
having the same channel opening. For long spans and low lifts the 
vertical lift is cheaper, though it may l)o more expttnsive in cawrn «if short 
spans and high lifts. 
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Tho ordinary vertical lift bridge is simple to design and 
construct. Tho complicated details are comparatively few and present 
no difficult prolilems. 

Rigkliiu . — The vertical lift is as rigid as other types of movable bridges. 

K(hahility.-~-Tlu\ reliability of the vertical lift has been demonstrated 
many times. The Houth Halstead Street Bridge of Chicago in 1907 was 
said to be the most satisfactorily operating movable bridge in Chicago. 

Ease of OiHration. -A. well designed vortical lift is as easy to operate 
as any other typt^ of movable bridge. 

Time of O/Jcmt/on. -The time required for a complete raising or 
lowering of a vortical lift bridge is usually about 45 to 50 sec. Of course 
the time reijuin'd for a partial raising or lowering is less. 

Duration of Opt nitiy. 'I’lie total time reiiuired for the opening of tho 
bridgi', tlie passage of the boat, and tho closing of the bridge is loss for 
the vertical lift ami bascule than for the swing types because a boat will 
appriMich cloH('r to tbes vertical lift or bascule bridge. Tho swing bridge 
requires considerable room for its swing and appears to obstruct the 
chaniud to a larger degnss. Swing brulges must make a full opening 
each titue, white the o|>euitig re{|uired for tho bascule or vertical lift 
depcuuls on the height of f lic vess(>l's nmsts. Hence, much less time is 
re<iuire«l for tlu^ passage of the stnalh-r craft through the vortical lift 
and bascule bridges than f*tr tlu* swing bridges. This saving of time is 
well worth consitlering when tlu^ water or tho land traffic (or both) is 
heavy. 

Power Emnomy,— A wetl-ilesigned v«*rlical lift bridge seems to bo 
just as economical of jKiwer ns a bascule and moro economical than a 
swing Iiridge. 

Coat of Ojuralion. — 'I'lu* <‘ost «>f operation for each opening and 
closing of vertical lifts is alsmt the same as that for bascules and some- 
what less than that for swing britlges. 'I'liis cost per operation will 
probably vary from $1 to $.‘J depending on size of bridge, amount of water 
traffic, cost of |KJwer, ami other eoiulltions. 

Length of Sjmn, It is generally conced<Kl that vtsrtical lift bridges of 
long span lengths may be more ccotaimically constructed than cither 
bascule or awing bridges. 

Interference toith Channel during Vertical lift and bascule 

bri<lgeB interfere less with tho channel than swing hridg(>s, as tho swing 
bridge retiuirtm room for its swing, a large central pier, and a draw rest. 

Piers . — The vertitnd lift and bascule bridges <lo not require a large 
pivot pier in'ur the ('enter of tho channel as in tho case of the swing 
bridge. A large tsentral pivot pier may cause a deflection of the current 
toward Hu* sides (»f the (diannel so as to causfj erosion of the banks. 

The draw rest re(juiri*d for tho swing bridge also obstructs tho channel 
and is a menace to navigation. Tho maintenance of the draw rest is an 
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additional expense, and, if this rest is built of timber, the renewal expense 
is an appreciable item. 

Wide Roadways. — A. vertical lift bridge may be built as wide as 
any ordinary bridge without much difiSculty, but a swing bridge with a 
wide roadway requires a large central pier, the construction of which may 
not be practical because of possible channel obstruction. 

Extra Bridges. — When advisable, extra vertical lift bridges or bascules 
may be constructed very near the first bridge to accommodate increases 
in trafl&c. Swing bridges may not be built very close to each other as 
they require considerable space for swinging. This means that the 
approaches to the extra swing bridges would have to be curved and that 
more land would be needed and more filling required than in the case of 
the extra vertical lift bridges. 

Protection to Traj^c.— Vehicular and pedestrian traffic over vertical 
lift bridges may be amply protected during the raising and lowering of the 
lift span by suitable gates. 

Collisions with Boats. — vertical lift bridge seems to have an advan- 
tage over bascule and swing bridges in regard to possible collisions with 
boats. With the movable span in place, it appears that a boat could do 
more damage to a swing bridge and draw rest than to either a bascule or 
vertical lift bridge. Probably less time would be required to repair a 
vertical lift span than either a bascule or swing bridge. If the movable 
span was partly open when hit by a boat, the swing span and draw 
rest of a swing bridge would probably be crumpled up. In the case 
of a bascule, the bridge would suffer but little if struck by the top 
hamper of the boat, but considerable damage would result if the 
hull hit the bascule leaf. A vertical lift span partly raised would prob- 
ably be high enough to damage the masts, rigging, smokestacks, and 
pilot house of a boat, and, consequently, no very serious damage would 
be done to the bridge. 

Thus, it appears that the possibility of serious damage due to a col- 
lision with a boat would be less with a vertical lift than with a bascule 
bridge and less with a bascule than with a swing bridge. 

Interchangeable Spans. — ^A bridge of several spans, having one 
arranged as a vertical lift, may be constructed so as to permit the moving 
of the towers and lifting machinery from one span to another whenever 
this is advisable due to a shifting channel. In a bridge of this type all 
spans are made exactly alike. 

Lifting Deck. — ^The advantage of a lifting deck in a double deck bridge 
is obvious, as the lifting of the lower deck will permit the passage of the 
smaller vessels, thus requiring only an occasional lifting of the upper deck 
for the larger boats. 

2. Classificatioii of Vertical Lift Bridges. — The various ty{>es of ver* 
tical lift bridges may be classified as follows: 
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I. Those vertical lift bridges having a lifting span with no lifting deck. 
(A) With two towers each consisting of four columns braced 

together in both directions. 

(1) With no overhead spans. 

(а) When the two front columns of each tower are vertical 
and the two rear columns are inclined. Sheaves 
are placed over the vertical columns (see Fig. 4). 

(б) When all four columns of each tower are vertical and 
sheaves are placed over all vertical columns. This 
type has twice as many sheaves as the preceding 
class (see Fig. 11). 

(2) With overhead spans between the tops of the towers. 

(а) Where the two front columns of each tower are vertical 
and the two rear columns are inclined (see Fig. 2). 

(б) Where all four columns of each tower are vertical. 
(Practically no bridges of this type have been built.) 

(JS) With two towers, each consisting of two vertical columns with 
cross bracing in one direction, with overhead trusses between 
the tops of the columns. This type is more suitable for short 
than for long spans (see Fig. 13). 

II. Those vertical lift bridges having a lifting deck with a fixed or a 
lifting overhead span. 

(A) With a lifting deck raising to a fixed overhead span (see Fig. 5) . 
(S) With a lifting deck raising to an overhead span which can be 
raised to the tops of the towers (see Fig. 8). 

III. Vertical lift bridges of the bascule type. This class includes the 
Strauss and Roll vertical lift bridges of the bascule type. In 
general these bridges operate like the bascules patented by Mr. 
Strauss and Mr. Roll except that the lifting is done at both ends 
of the span (see Figs. 25 and 26, p. 26). 

A further refinement of this classification might be made by considering 
the location of the operator's house, kind of power used, type of trusses, etc. 

3. Adaptability of the Different Types of Vertical Lift Bridges. — 
Most of the vertical lift bridges of any size that have been built have had 
a lifting span with no lifting deck, and have had two towers of four 
columns each. Towers with the rear columns inclined are preferable 
to those with all vertical columns except in special instances such as skew 
lift bridges, etc. Inclined rear columns give a much more pleasing appear- 
ance to a bridge than do the vertical rear columns. With four-column 
towers, overhead trusses between the tops of the towers are rarely needed 
unless pipes or heavy wires and cables are to be carried across the bridge. 
Vertical lift bridges of the above types have been built with lift spans 
up to 425 ft. in length and with lifts up to 140 ft. and weights to over 
3,000,000 lb. 

11 
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Vertical lift bridges with two-column towers and overhead spans are 
more adaptable for short lift spans and lifts of moderate heights. 

There have been very few vertical lift bridges built with lifting decks. 
This type of bridge is often advisable when there are two decks required 
for the trafl5.c, one (usually the upper) for highway traffic and the other 



Fig. 1. — South Halstead Street Bridge, Chicago, HI. 


for railroad trains. Thus, when there is a fixed overhead span, only 
part of the land traffic is inconvenienced by the passage of the boats 
through the bridge. In the case of a lifting deck and a lifting span, the 
lifting span has to be raised only for the passage of the larger vessels 
and thus the land traffic on the upper deck is comparatively rarely 
interrupted. 
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Vertical lift bridges of the bascule type are usually more expensive 
than those just discussed though they have the advantages of requiring 
no cables and sheaves and they may be readily applied to existing bridges 
with immovable spans whenever it is found advisable to change one of 
these spans into a lift bridge. 

4. Description of a Few Vertical Lift Bridges. — ^Following are some 
brief descriptions of a few of the vertical lift bridges of different types 
which have been constructed. Except as noted, all of these bridges 
were designed by the Waddell Company. 

South HaUtead Street Bridge, Chicago (Figs. 1 and 2). — ^This was the 
first vertical lift bridge of any size and importance to be constructed in 
this country. The span is 130 ft., with a vertical lift of 140 ft. The 
bridge has a clearance of 15 ft. in its lowered position. The weight of the 
lifted load is about 600,000 lb. Each 
tower is 217 ft. high and has four 12-ft. 
sheaves at the top turning on 12-in. 
axles. The counterweights are com- 
posed of cast , iron blocks and are held 
by thirty-two 1 J^-in. steel cables, eight 
of which are fastened at each corner of 
the truss. The original counterweight 
cables were in use 28 years and were 
replaced this year (1922) at a cost of 
$22,600. Wrought iron chains are used 
to counterbalance the cables. There Halstead Street lift 

are eight up haul and eight down haul 

operating cables % m. in diameter. These cables have been changed 
twice during the life of the bridge and will be renewed again this year. 
Pneumatic cylinders are used to stop the bridge in both the open and 
closed positions so as to check any sudden jar. Movable cast iron weights 
are used to take care of the wet and dry conditions of the bridge. The 
original power plant consisted of two 70-h.p. steam engines which were 
replaced by electric motors in 1907. There is also an operating device 
that can be worked by hand power whenever necessary. 

The Hawthorne Avenue Lift Bridge over the Willamette River at PorU 
land, Ore. (Figs. 3 and 4). — This was the third important lift bridge to be 
constructed. The foundations for each of the piers for the lift span con- 
sist of two concrete cylinders 11 ft. in diameter tapered to 14 ft. with a rein- 
forced concrete diaphragm, and cantilevers for the tower reinforcement. 
The piers are supported by concrete filled timber caissons which rest on 
timber piling. The lift span is a through riveted camelback truss span 
with an operator and machinery house. This span has a length of 244 ft. 
Zyi in, and carries a 20-ft. central roadway, two 10-ft. outside roadways 
with 7-ft. sidewalks, and two street car tracks which are located on the 
outside roadways. 
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The weight to be lifted is about 1,800,000 lb. The lift machinery 
is quite compact and is located on the central part of the lift span. The 
power for operation is supplied by two electric motors. The fourteen 



Fig. 4, — llawihoruo Avomio hridgo over the Willamotto River ut Portland, Oroffo 
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Fkj. •'i. -Fratt llridjco over tho MinHoiiri River at Kansaw City, Mo. 



Fitj. 6,— 0-W, R. R. N, Co/s lift bridge over tho Willamafete River at Portland, Oregon 

lifting cables are ^-in. wire cables which pass over 8-ft. cast steel sheavci 
with 12j.^-in. axles. The counterweights are of concrete. This bridg< 
was erected in 19U at a cost of $61 1.216. 
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The Fratt Bridge over the Missouri River at Kansas City, Mo. (Fig. 5) 
has a lifting deck which raises into a fixed overhead span. This bridge 
is the only large lift bridge of this particular type in the country. There 
are two decks on this bridge, the upper deck carrying two street car tracks, 
roadways and sidewallcs, and the lower deck two railroad tracks. Only 
the lower deck is raised. The length of the lift span is 425 ft., the weight 
to be lifted is 1,560,000 lb., and the height to be raised is 43 ft., giving a 
clearance of 55 ft. above high water. The lifting deck and vertical 
liangors are constructed of nickel steel to reduce weight. When the deck 
is raised, the vertical hangers telescope into the truss posts above. The 
raising is accomplished by means of cables, two of which are attached to 



•’id. 8. O-W. It. It. & N. lift I)ri(l«n over tlio Williimotto Rivor at Portland, Oregon. 


each hanger. These cables pass from the hangers over sheaves in the top 
of the truss and then over a drum and down to a counterweight. Each 
hanger has a separate counterweight. Operating power is supplied by two 
sets of electrical machinery, either motor being large enough to operate 
the bridge. When the deck is in its lower position, it is automatically 
locked and the stress is transmitted directly to the truss posts above by 
means of pins in the end of each hanger. 

Oregon-Washington Railroad and Navigation Company's Bridge Over 
the Willamette River at Portland, Ore. (Figs. 6, 7 and 8).— This bridge 
is of especial interest because of a lifting lower deck and a lifting span. 
The lower deck, which carries railway traffic, can bo raised to the lifting 
span to permit the passage of tugs, lighters, and small vessels, while the 
lifting span (with the raised lifting deck) can bo raised to permit the 
passage of ocean going ships. The bridge was completed in 1912 at a (lost 
of about $1,700,060. 
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The lift span of the bridge is 211 ft. long, and the lift of the lower 
deck alone is 46 ft. w^hile the lift of the upper deck is 89 ft. giving ample 
clearance for the largest ocean going ships. The lower deck has a 
clearance of 26 ft. above low water and 5 ft. above high water. The lower 
deck has its own set of counterweights, and it weighs, with its attachments, 
about 1,060,000 lb. The upper deck weighs about 3,420,000 lb., exclusive 
of counterweights. Thus the total moving load is about 9,000,000 lb., 
including counterweights, making this lift bridge the heaviest yet built. 

The upper deck is suspended by 2K-in. cables at each corner. These 
cables pass over the main sheaves (14 ft. diameter and 24 tons weight) 
fastened near the top of towers about 245 ft. above the top of the piers. 
This deck is raised and lowered by up haul and down haul cables. The 
lower deck has four IJ^-in. counterweight cables for each panel point. 
This deck is moved by traction sheaves at the corners of the lift span. 

About 20,000 openings a year 
are made with the lower deck 
and only about 1,000 openings 
with the upper deck. 

There are four 200-h.p. 
motors used for operating this 
bridge, two for the lower deck 
and two for the upper deck. 
These motors are placed with 
the other operating machinery 
in a house constructed at the 
center of the top of the upper lift deck. The operator's house is placed 
just below the machinery house so that the operator can have a full view 
of the highway traffic on the upper deck as well as the water traffic. 
The automatic locking apparatus for both lifting decks is placed in the 
operator’s house. 

City Waterway Bridge at Tacoma, Wash, {Fig. 9). — ^This lift bridge has 
two unusual features, the height of the bridge floor above the water 
and the overhead span between the tops of the towers for carrying a 
water main. The 214-ft. lift span has two flanking trusses, each 190 ft. 
long, and 650 ft. of steel trestle. The height to be lifted is 78 ft. and the 
lifted weight is 1,640,000 lb. The bridge was constructed for highway 
traffic and has a 50-ft. roadway paved with wood block, and two 10-fti 
walks. The bridge was completed in 1913 at a cost of $480,000. 

Pennsylvania Railroad Bridge 458 over the South Branch of the Chicago 
River (Figs. 10 and 11). — ^This Waddell and Harrington double track 
railway lift bridge is built on a skew and has a span of 273 ft. and a vertical 
lift of 1 14 ft. Each tower is composed of four vertical columns with sheaves 
of 15“ft. pitch diameter over each column. The counterweight cables are 
sixteen 23 ^i-in. plow steel ropes connected to the top chords at each end of 
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Fig. 9. — City Waterway Bridge at Tacoma, 
Washington. 
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Fia. 10. — Pennsylvania li. R. Go.’s lift bridge No. 458 over the Chicago River, Chicago, III. 
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each truss and by equalizing devices to the counterweights. The operating 
cables consist of two iM-in. up haul and two 1^^-in. down haul cables at 
each end of each truss. 

The weight of the lift span, being a little more than 3,000,000 lb., 
makes this bridge one of the heaviest lift bridges constructed. 



The power plant consists of two motors geared to four {'ast steel 
operating drums, and will lift the span to its ma-Kimum height from its 
normal position in 45 sec. Either motor alone is powerful enough to 
operate the lifting machinery. A 50-h.p, gasoline engine has lioen 
installed for emergency service. It requires about 10 min. for this engine 
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to raise the lift span. Both solenoid and hand brakes are provided. 
All operating levers and switches are placed in the operator’s house as 
well a’s a mechanical indicator showing the position of the lift span. 



Fig. 12. — Cumidian Northern PiwuHc Bailroad Company’s bridge ovor tbo North Thompson 

Hivor in British Columbia. 

The bridge was designed for a track elevation of 24 ft. in the future. 
A vertical lift railway bridge of one span is more easily adapted to future 
changes in track levels than is any other type of movable bridge. 
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Fig. 13,— Bt. John & Qu©boo Eailrojul Company’s bridge over the Oromooto Biver in New 

Brunswick, Canadn. 


The Canadian Northern Pacific Railway Bridge over the North Thomp- 
son River in British Columbia {Fig. 12). — This railway plate girder lift 
bridge is unique in that the lift towers can be moved so as to raise any 




Fio. 14. — VkdloauoftM Railroad Company’* bridge over the Don River near Rostoff, 

Rueiia. 


one of the spans which are all made exactly alike. The reason for this 
construction is to take care of a possible shifting of the channel of the river. 
The lift span has a length of 90 ft., a weight of 236,000 lb., and a vortical 
rise of 66 ft. 


172 MOVABLE AND LONG-SPAN STEEL BRimES [Sec. 2-5 

St. John and Quebec Railway Bridge over the Oromocto River in New 
Brunswich, Can. {Fig. 13).— This type of vertical lift bridge is different 
from the ones previously described in that each tower is composed of only 
two columns. There are two light trusses between the tops of the towers. 
The length of the lift span is 58 ft., the weight 147,000 lb., and the vertical 
lift 59 ft. Hand power is used for this bridge. 

Don River Bridge at Rostoff, Russia {Fig. 14). — This lift bridge is quite 
different from the vertical lift bridges of this country, especially in the 
treatment of the flanking spans and the curved rear columns of the lift 
towers. The lift span, towers, and machinery were designed by Doctor 
Waddell while the adjacent spans were designed by Russian government 
engineers. The lift span has a length of 210 ft., a weight of 1,600,000 
Ibi, and a vertical rise of 131 ft. 

6. General Design Notes. — The following notes are on the ge^ieral 
design of vertical lift bridges and include information on the particulars 
in which vertical lift bridges differ from ordinary bridges with fixed spans. 
If more detailed information is desired, the treatise on "Bridge Engineer- 
ing” by Doctor Waddell and the various articles in the technical press 
should be consulted. 

The Truss of the Lift Span. — In general the lift span truss is designed 
in the same way as the or^nary fixed span truss with the exception that 
suitable seating devices must be provided at the ends of the lift span 
and means devised for the fastening of the various cables attatihed to 
the span. Provision must also be made for the placing of the ntuicssary 
machinery, machinery house, and operator’s house on the lift span. 

Towers.— For long spans and high lifts, each tower should be com- 
posed of two vertical front and two inclined roar columns well l)raood 
in both directions. Provision must be made for fastening the slieaves 
on the vertical columns by suitable sub posts or by a sheave girder. In 
this type of tower the counterweights move up and down inside the 
tower. 

For short spans and low lifts, where the lift span is usually a plate 
girder, the towers should each be constructed of two vertical colunim? with 
sway bracing between them. The tops of the columns of the two towers 
shoidd be connected by light trusses to assist in keeping the towers 
vertical and to hold them the correct distance apart. Sheaves are pla<!ed 
on top of the columns and the counterweights move up and down outside 
of the columns. 

When the lift span is built on a skew and the towers are supported 
independently on masonry foundations, it is desirable to construct each 
tower of four vertical posts well braced in both directions. Horizontal 
bracing should be provided near the tops of the towers. The sheaves 
should be placed on all four columns of each tower and the counter- 
weights at the rear of the towers. 
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Towers should bo cambered so that they will be vertical under dead 
load only (there should be no live load on the lift span when it is raised 
and lowered). No camber is necessary for towers having two or four 
vertical columns resting on masonry and having a sheave on the top of 
each column. When the tower is composed of two vertical and two 
inclined columns, with the vertical front columns resting on a pier and the 
inclined rear columns resting on a supporting truss, the tower should be 
(iarnbered so that the vertical columns are really vertical when the lift 
span is being raised and lowered. In this type of tower the sheaves are 
usually placed directly over the vertical columns, hence these columns 
carry practically all of the load. 

Guides and Centering Blocks . — Guides should be attached at the eight 
corners of the lift span so as to keep it in line while being raised and 
lowered. Roller guides that fit with sufficient clearances in vertical 
tracks on the tower are the preferable type. The guides should be 
designed for wind loads on the span and also for train thrust (in case of a 
railway bridge) and any other loads that may be applied to them. 

Centering blocks should bo attached to the four lower corners of the 
lift span to hold this span in place when it is in its lowered position. 
These blocks should engage blocks attached to the base of the towers. 
Some longitudinal movement must be provided for at one end of 
the span. 

Counterweights . — Counterweights for vertical lift bridges should be 
made of concrete cast on a steel framework. This framework should 
be strong enough to carry the concrete when attached to the lifting 
cables. Cast iron blocks may bo used when sufficient space for the con- 
crete is not available. 

Counterweights should weigh about 6 per cent less than the weights 
to be balanced. Movable weights ctiualing in all to about 10 per cent of 
the balanced weights should bo provided so that the proper balance may 
bo obtained between the lifted weights and the counterweights. These 
movable weights should not weigh more than 200 lb. each and they should 
be provided with eye- or U-bolts for handling. Safe places should 
bo provided for these movable weights in the top of the counterweight 
framework. The space provided must be such that none of the movable 
weights will project above the top of the counterweight framework. 

The inside face of the counterweight should be provided with guides 
which engage tracks on the tower. Ample clearances should be provided 
so that the counU^wtught will not bind or stick. Clearances of 2 in. or 
more should bo provided between the tower steelwork and counter- 
weights. If a counterweight is composed of two or more parts, about 
2-in. clearance should bo allowed for between the parts. When the 
counterweight is in its lowest position, it should be not less than 3 ft. 
above the bridge floor. 
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Counterweight Cables and Balancing Chains, — The counterweight 
cables for vertical lift spans should preferably be of plow steel and 
consist of six strands of 19 wires each, constructed around a hemp center. 
The sockets may be open or closed, but should be of standard design. 

When the span is being raised, the lifting and counterweight cables 
will cause an unbalanced condition between the span and the counter- 
weights. This condition may be met by adding extra motive power or 
by adding balancing chains. If balancing chains are used, suitable 
buckets must be provided for catching the chains as the span lifts. 

Equalizers, — Equalizers of suitable design should be provided between 
the counterweights and counterweight cables. The other ends of the 
counterweight cables shoiild be attached directly to the lift span. 

Sheaves. — The pitch diameter of the sheaves should be equal to at 
least 60 times the diameter of the cable. Clearances of at least ^ 
in. should be allowed between cables on sheaves, and sheaves 
should be grooved to fit the cables. Sheaves up to about 14-ft. pitch 
diameter may be made of cast steel, but larger ones should be built up 
of structural steel with cast steel rims and hubs. Each sheave should 
be fastened to its shaft by at least three keys. Sheaves at the top of the 
towers should be protected from the weather by hoods or housings, 
especially in climates where there is snow and sleet. The sheave shafts 
should be designed for bending, bearing, and shear stresses. The bear- 
ings should be large, properly aligned, well oiled, and not placed too far- 
apart. 

Buffers, — ^Buffers, either of the hydraulic or air types, should be 
provided for assisting in the stopping of vertical lift spans. Suitable 
buffers permit of the stopping of the span without any jar. 

Locking Apiiaratus. — suitable locking device should be used for the 
lift span to securely lock it in position before traflSic is admitted to the 
span. The locking device must be arranged so that it can be applied or 
released by the operator when he is at his station. Rail locks should 
be used for railway and street car tracks. 

Gates, — Strong and substantial gates must be provided to protect the 
highway traffic while the lift span is raised, These gates should be in 
position before the lift span is raised and remain in position until the lift 
span is lowered and locked in place. For satisfactory operation, four 
gates are usually needed. The gates should be closed and opened either 
by the bridge operator or by special gate tenders. When gate tenders 
are used, small neat houses should be provided for them near each end 
of the lift span. Just before the gates are closed, a warning signal should 
be given for the benefit of the traffic. 

Cantilever Walks and Roadways. — ^When wide sidewalks are cantilev- 
ered outside of the trusses of the lift span, the possible effects of live 
loads on one walk only must be carefully considered, especially in regard 
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to unbalanced loading and overturning moment. Proper end bearings 
must be provided when necessary. When a roadway or a street car 
track is cantilevered outside of the main trusses, provision must be made 
for the overturning moment caused. 

Machinery House. — The machinery for a vertical lift span is usually 
placed in a machinery house on top of the center of the lift span. This 
house should be well built with ample space for the machinery, work 
bench, and stove. In very large and heavy bridges, the placing of a 
5-ton crane in the machinery house is advisable. Suitable stairs and 
walks should be provided to gain access to the machinery house and the 
machinery. 

In deck girder spans, the machinery may be placed below the bridge 
floor and between the girders, while in a half through plate girder span 
the machinery may be placed below the bridge floor or outside of the 
girders. 

Operator's House, — ^When the operator does not stay in the machinery 
house, he should have a small house provided for him in a place where he 
can have an unobstructed view in all directions of the water and bridge 
traffic. The operator’s house must be large enough for the operator, 
operating machinery, and heater, and it should have a large amount of 
window space. A good stairway should be provided. 

Bridge Gage, — ^At one of the towers and on both the upstream and 
downstream sides, gages or indicators with large figures should be pro- 
vided for the convenience of the boats showing the height of the water 
and also the height that the lift span is raised. 

Operating Machinery in General. — In general the operating machinery 
should be compactly arranged and have no more reductions than neces-^ 
sary. When four drums are used, one reduction should be placed at the 
drums. The machinery should be arranged so as to permit of easy access 
for oiling, inspection, repairs, and replacement. 

Power Required for Vertical Lift Spans. — In general the power required 
for raising and lowering vertical lift spans is approximately 1 h.p. for 
every 15 or 20 tons of moving load. This load includes the weight of 
lift span, counterweights, and all moving parts. While improvements 
in the design and arrangement of the machinery may lessen the power 
required for an operation under average or good conditions, yet there 
must be a reserve of power available for times when operating conditions 
are not so good. Wind, snow, and sleet all tend to. increase the power 
required. 

The power required for a vertical lift span may be computed from 
the known data of the span. In general, the power must be sufficient 
to accelerate the span and overcome the following resistances: Friction 
between guides and tracks; friction in gears, drums, and sheaves; the 
bending of cables off and on sheaves and drums; inertia of moving parts 
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of machinery; extra loads caused by winds; extra loads caused by snow 
and sleet; and the other unbalanced loads on the lift span. 

The force required for accelerating the lift span may be computed 
Wa 

from the equation Fx = g ^2 where Fi = force required in pounds, W = 


total weight of all moving loads in pounds, a “ acceleration in feet per 
second per second, and 32.2 is the acceleration of gravity. The time 
required for raising or lowering a lift span usually varies from 30 to 90 
sec., and the time that the span is accelerated usually varies from 10 to 20 
sec. The time for retardation usually requires from 10 to 15 sec. Then, 
the raising or lowering of the span would be divided into three periods: 
A period of acceleration; a period of xmiform or constant speed of travel; 
and a period of retardation. Assuming that the average speed during 
the periods of acceleration and retardation is half that during the period 
of uniform speed of travel, the uniform speed of travel can be easily 
computed. Then the average acceleration in feet per second can be 
computed and the force Fi determined. 

Friction between girders and tracks should be taken as about 15 
per cent of the normal wind load. For ordinary operations, a normal 
wind load of 2 lb. per sq. ft. on the vertical projection may be assumed, 
though the span should be able to operate (but more slowly) under a 
wind load of 25 lb. per sq. ft. 

The efficiencies of different kinds of gears vary considerably, and the 
following values are only approximate. Adverse conditions will reduce 
these efficiencies greatly. 


Efficiency of Gears (one pair) 


Spur gears (well designed) 90 to 95 per cent 

Bevel gears (well designed) 75 to 90 per cent 

Worm gearing. 50 to 65 per cent 


The force required to bend the cables on and off of the sheaves and 
drums will vary considerably, say from 5 to 15 per cent according to 
conditions. 

Journal friction at the surface of the shaft may vary from 4 to 15 per 
cent of the applied load. This force must be reduced to an equivalent 
force at rim of sheave or surface of drum. Usually journal friction, as 
such, is included in the gear efficiencies and the sheave and drum 
resistances so that separate computations for this are not required. 

The force required to overcome all unbalanced loads should also be 
included. The counterweight cables are always unbalanced (except 
when the span is raised half way) unless balancing chains are provided. 
Snow causes an unbalanced load if extra weights are not added to the 
counterweights to counteract it. The unbalanced load should be much 
less than 5 per cent of the weight of the lift span. 
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Power Equipment — The power equipment required depends on the 
size and weight of the lift span. Unless the span is very light and the 
lift comparatively low, mechanical power equipment is advisable. But 
whatever the kind of mechanical power selected, some method of hand 
power must also be installed so that the lift span can be operated (though 
slowly) in event of emergencies. 

In the selection of mechanical power, the electric motor is given the 
first place, the internal combustion motor second, and steam power 
third. The electric motor is especially suitable for lift bridge operation 
as it provides a large starting torque and is capable of carrying a 100 
per cent overload on occasion. When two or more electric motors are 
used, it is customary to select them of such a capacity that half of them 
have power to operate the bridge in case the other half are out of com- 
mission. Storage batteries are sometimes rather unsatisfactory and 
expensive, hence their use should be avoided. 

Internal combustion motors are satisfactory if they are of a capacity 
to carry at least 125 per cent of the load. This type of motor usually 
wiU not carry much, if any, overload. For large bridges, where hand 
operation for emergencies is not practical, the internal combustion motor 
is a good alternate for the electric motor. 

Steam power is satisfactory as far as handling the load is concerned, 
but is very expensive to maintain in ready operating condition as the 
steam pressure must be kept up at aU times. This type of power requires 
a boiler and steam engine and needs more attendants to operate it than 
in the case of electric or internal combustion motors. For a lift bridge 
that is operated only a comparatively few times, the steam power 
is very expensive. There is a further objection to the coal smoke from 
the fires. 

For hand power equipment it may be assumed that a man will exert 
a force of 35 to 40 lb. on a lever with a speed of 150 to 160 ft. per min., 
thus giving from to h.p. For starting the machinery a man can 
exert a force of about 100 lb. A suitable platform, windlass and levers 
must be provided for hand operation on large bridges, while a small 
windlass and cranks are satisfactory for small, light lift spans. 

Efficient, easily operated hand brakes of simple design should be 
provided so that the bridge can be readily stopped and held in any posi- 
tion within 10 or 15 sec. after the power is shut off. Brakes of the band 
type are generally satisfactory. Electric brakes of the solenoid type are 
suitable for the electric motors, and these should be installed in addition 
to the hand brakes. It is preferable to have two sets of brakes in most 
instances. 

Machinery Equipment — In general, all of the machinery equipment 
should be simple in design; solid in construction; easy to inspect, oil, 
clean, and adjust; and easy to remove for repairs and renewals. Shafts, 
12 
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bearings, etc., should keep in their proper position and alignment after 
being installed. Bearings should be designed and constructed so that 
they may be tightened occasionally to take up wear. 

Operating Cables. — The cables used to raise and lower the lift span 
should be of plow steel and be composed of six strands of 19 wires each 
constructed on a hemp center. These cables should never be less than 
^ in. in diameter. Preferably two cables for raising and two cables 
for lowering should be used at each corner of the lift span, unless the 
force required to move the span is so small that only one cable is required. 
These cables should be securely attached to drums in the machinery 
house at the center of the span and should pass from the drums over 
deflecting sheaves at the ends of the span and thence to the top and 
bottom of the towers. Some method must be provided for taking up the 
slack in the cables. 

Whenever it is necessary to support the cables between the drums 
and deflecting sheaves, good rollers of not less than 6 in. in diameter 
should be used so that they will easily revolve and keep the cables from 
wearing. 

Operating Drums. — ^For small lift spans two drums are required at 
the center of the span, one for the cables on each side. For larger 
spans, four drums are advisable. All drums should be grooved so that 
they may receive the cables from both ends of the span. The diameter 
of the drums should be about 40 times that of the operating cables, and 
they should be grooved so that there will be at least Ke clearance 
between the cables wound on the drum. The number of grooves on each 
drum should be such that there will never be less than one and one-half 
or two complete turns of any cable left on the drum. 

Deflection Sheaves. — The deflection sheaves for the operating cables 
should be of the same diameter as the drums and properly grooved for 
the cables. If there are two cables, the clearance between cables should 
be at least 34 A small idler sheave should be placed below each deflec- 

tion sheave and toward the center of the span to prevent the up haul cable 
from leaving the deflection sheave when it is a little slack. 

Gears. — ^All gears should have involute machine cut teeth and the 
face width of the gear should be about two and one-half times the 
circular pitch. The use of bevel gears should be avoided. Worm gears 
may be used, provided that the ^ear shall have 30 or more teeth and that 
both worm and gear are made to run in oil. Worm gears are less efficient 
than spur gears. 

Pinions. — Pinions should not have less than 17 teeth and the ratio, 
of reduction of the gear to the pinion should not be less than four. 

Bearings and Bushings. — Single bearing frames should be used for 
all shafts in a unit wherever possible. Bearings should be placed close 
to the points of loading to eliminate bending in the shafts, and they 
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should permit any gear to be removed without moving other gears. All 
bearings should be of the split type and provided with necessary shims. 
Four bolts should be used to bolt caps to bases except in the case of 
small bearings where two bolts are sufficient. 

Bronze bushings one-twelfth of the thickness of the shaft should be 
properly grooved so that the shafts may be lubricated by screw feed 
grease cups. 
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SWING BRIDGES 

By Chas. a. Ellis 

CENTER-BEARING SWING BRIDGES 

1. General Considerations. — When a bridge of this type is open, 
each truss is supported at the end of a cross-girder which rests on a center 
bearing C (Fig. 1). This bearing is usually a phosphor bronze disk, 
from 1 to 3 ft. in diameter, between two hardened steel disks. To prevent 
the bridge from tipping, balance wheels TF about 18 in. in diameter and 
six to eight in number, are fastened to the trusses and floor system in such 
a way that they roll on a circular track t. These wheels are so adjusted 
that they carry no load, except when the bridge is out of balance on 
account of wind pressure or similar causes. 

When the bridge is closed, the ends a, b, d and e are raised a proper 
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amount by wedges. Wedges are also inserted at / and g a sufficient 
amount to give the trusses a bearing on the pier independent of the cross- 
girder, but no attempt is made to lift the trusses at these points in order 
to relieve the cross-girder of any of the dead load. Thus at the center 
support, the dead load is carried by the cross-girder, while the live load is 
supported directly by the pier. 

2. Conditions of Loading. — ^When the bridge is open, the dead load 
is balanced about the center support. "When the bridge is closed, the 
total dead load reaction at the center is relieved, as the wedges are 
driven and the ends raised. (If the ends were raised to a sufficient 
height, the bridge would be lifted free of the center support, and the 
reaction which formerly supported the bridge would be transferred from 
the center to the ends.) The mechanical parts of the bridge are usually 
designed in such a way that the end wedges, when fully driven, will 
provide a positive dead load reaction somewhat greater than the negative 
live load and impact reaction. This insures the bridge against hammer- 

180 
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ing of one end when the train comes on at the other end. By this arrange- 
ment, the dead load end reactions are less than those obtained 
theoretically when the truss is considered as a continuous beam over 
three level supports. The cost of installation and operation is thereby 
reduced. 

If hammering is eliminated and the ends remain j&xed in elevation, 
the live load reactions may be computed on the basis of complete con- 

Pig. 2. 

tinuity of each truss. If, however, on account of error in design or 
adjustment of the wedges, or because of settlement of the piers, it happens 
that no dead load end reaction is present, we have the condition as 
illustrated in Fig. 2. Let us assume, for example, that a very small 
clearance exists between the beam and its end supports. The total 
weight of the beam is supported at C, as is the case when the bridge is 
open. When the live load comes on the arm BC (Fig. 3), the beam tilts 
until it finds a bearing at B; and the live load is supported by BC acting 

Pig. 3. 

as a simple span. However, the dead load or weight of the beam is still 
entirely supported at C. If the live load is present in both arms (Fig. 
4), the beam will deflect until it has a bearing at A and B, and thus a 
condition of continuity, or partial continuity, must be considered in 
finding the live load reactions. The extent of the continuity will depend 
upon the amount of clearance which previously existed at A and B in 
Fig. 2. The dead load is still totally supported at C. In order to provide 
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for these contingencies, the following conditions or classes of loading 
should be considered. 

Case I. — Dead load — ^bridge open or wholly supported at the center. 

Case IL — Dead load — bridge closed, both ends raised until a definite 
end reaction is attained (amount to be specified after negative live load 
and impact end reaction have been determined). 

Case III , — ^Live load on one arm only — simple span action. 

Case IV , — ^Live load on one arm only — continuous girder action. 

Case V , — ^Live load on both arms — continuous girder action. 
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If the ends are raised, wc have Case II, eombim'd with (’a.se IV or 
Case V. If the ends are not raised, wo have t'use I, eoiubino<l with 

Case III or Case V. , - 

The bottom chords are usually better protetdod from the rays of the 
sun than the top chords. Because of this, and als<» on account of cold 
weather and ice, it is apparent that the temperat ure of the top chord 
may be considerably higher than that of the bottom chord. Thus the 
top chord may be lengthened and the bottom chonl shorttmed, causing 
the span to “hump” at the center, thereby relieving t,he cturter reactions 
somewhat and increasing those at the <ui<Ih. 



Except in special cases the temperature factf>r is neglectisl, 

3. Stresses in a Swing Span. — The HtresHes ft»r tiu* five cases of 
loading will be computed for the 300-ft. span (Fig. Tki). 'I'iie jtssumed 
dead load is 3,000 lb. per ft, of span, or 37,600 lb, {wr panel jht truss. 
The end panel load is assumed at 20,000 lb. A C«Kt|s'r's E-ltJ will Isi 
taken for the Kve load. The impact allowance will lie computetl from 
the formula 

f + 3(K) 

in which I = impact stress, L «« live load stress, and I •« loaded length 
of span causing the live load stress. 
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Table 1 
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4 23 

- 80 
- 20 


PUB 

Bjm 

-145 

-172 

■ 

n 

■ 


-145 

h 72 

-175 

4 50 

BE 


-317 

BE 

n| 


4221 

4 150 

4 140 
4 100 

- M 

- 10 

4105 

4118 

7 

- 5 

4 80 
4 20 

4105 

4185 
4 08 

4240 

4221 

1 

S 

■ 


4240 

- 21 

4283 

- 12 

4 50 

4283 

4461 



Ux-Lx 

4 38 

438 

4 70 
4 05 


4 70 
4 05 





4141 
4 88 





+ 141 

-t-14l 

4170 
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Since the bridge is synimetrical about the coiitor, t.lio stmsaos will be 
computed for the left arm only. In Case III, tlu.H arm is ttonsidenvl 
as a span simply supported at Xo and L«. The stresst's are comjiuted in 
the ordinary way. The results expressed in 1,000-11). units are tabulated 
in Table 1 ; the impact stresses apiHmring directly below the corre.sponding 
live load stresses. Thus for the member Ih-lh the live load .stress i.s 
- 208 , 0001 b. and the impact stressis — 139,tKM)lb. For the member /.a-l/s, 
the live load and impact stress is -f 72,0(K) lb. when the left segment of the 
arm is loaded ; and - 145,000 lb. when the right .segment of the arm is loaded. 

In Cases IV and V the reactions, being statieully indeterminate, 
cannot be accurately computed until the truss lias been designed. In 
order that a preliminary design may bo made, the naictions will be 
tentatively determined by assuming that the tru.sH funetion.s as a beam of 
uniform cross-section, continuous over three level supports. Only the 
end reactions 22o are necessary. Those are given in Table 2. By this 
process it is possible to compute the stresses and make jireliminary 
design, after which the true reactions may be tiet«'rmined. 


Taijlk 2 


1 lb. at 

Rq 

l,a(N) lb. lit 

/A 


ii 

+0.793 

5, 

OJW-l 


U 

+0.593 

/-• 

• (1 IKI2 


L, 

+0.406 

At 1 

« (H»4 


U 

+0.241 


-0.(174 


U 

+0. 103 

1 

(K140 



4. Positive Shear in Panel 0-1. Cme 11!. 'I’he itdhient^e lino nhc 
for shear in the panel is shown in Fig. 56. 

If Pi = the load in panel 0-1, and P - the total loatl on tfie arm 0-0, 
the criterion for maximum positive shear in panel O-I is 

‘ ^ 0 


When the train is moving to the left, wheel 4 |»assing A, satisfies this 
. . P 

criterion since Pi is less than ^ when wheel 4 is just to the right of h 
P 

and is greater than ^ when wheel 4 is just to the loft of Ai. The maxi- 
mum shear in the panel is found to bo +162,000 lb. 'I’he area a6e is 
62.5 and the equivalent uniform load per linear foot is 


Q 


162,000 

6‘A.5 


2,f»9fl lb. 
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Case IV . — The influence line for positive shear is defghij (Fig. 5c). 
If Pi = the load in panel 0-1, Pi = the load in panel 1-2, and Pa = 
the load in panel 2-3, etc., the criterion for maximum positive shear in 
panel 0-1 is 

793/^ ^ 20()P2 + 187P3 -]- lG5Pi + 138P6 + 103P6 
Try wheel 4 at Li, train moving to the left. 

Wlieel 4 approaching Li 

793 Pi = (793) (50) = 39,050 2 OOP 2 = (200) (60) = 13,200 

187P3 = (187) (56) = 10,472 
165P4 = (165) (73) = 12,045 
138P8 = (138) (57) = 7,866 
103Pa = (103) (50) = 5,150 


48,733 

39,650 < 48,733 therefore the shear is increasing. 

Wheel 4 having passed Li 

793 Pi = (793) (70) = 55,510 2 OOP 2 = (200) (59) = 11,800 

187P8 = (187) (43) = 8,041 
165P4 = (165) (86) *= 14,190 
138P6 = (138)(44) - 6,072 
lOSPe = (103) (50) = 5,150 


45,263 

55,510 > 45,253, therefore the shear is decreasing. 

When the train is moving to the left, wheel 4 at Li therefore satisfies 
the criterion for maximum positi ve shear in panel 0-1. 

The shear may bo computed by scaling the length of the ordinate 
in the influence lino for each load, and taking the sum of the products 
of each load and its ordinate. Heretofore this has been the usual method 
of procedure. It requires that the influence line bo drawn quite accurately 
to scale, and that considerable care bo taken in scaling the ordinates. 
The shear may also bo determined by taking the sum of each floor beam 
load and its corresponding ordinate as follows: 

(75.64) (0.793) = 60.0 
(52.56) (0.693) - 31.2 
(72.80) (0.406) - 29.6 
(58.20) (0.241) - 14.0 
(48.60) (0.103) - 6.0 


139.8 = maximum positive 
shear in panel 0-1. 
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A new and much shorter method, as outlined by the writer in Engi- 
neering News-Record, June 9, 1921, will now be explained. If the influ- 
ence line defghij were straight from e to j, the criterion for maximum 
shear in panel 0-1 would be the same as for Case III. The difference 
between the broken line ^ghij and a straight line from c to j is so slight in 
this or any similar truss that the criterion for maximum shear in the panel 
will, in general, place the train in the same position or approximately the 
same position, as will the criterion for Case III. A very close approxima- 
tion to the shear of 139.8' lb. can be made very quickly, by assuming the 
same equivalent uniform load in both cases; or, in other words, by assum- 
ing that the shears in the panel for the two cases are directly proportional 
to the areas of the respective influence line diagrams. These areas are 
proportional to the sums of their resp(;ctiv(> ordinates, thus 

area abc: area dejghij :: 2.5 ; 2.M 

The shear in the panel for Case III was found to be 162 lb., htmco the 
shear for Case IV is 

(162)(|^5^) = 138.3 

This is a reasonably close approximation to the actual siu*ar of 139,8 lb. 
previously determined. 

It is now obvious that the stresses in Ldh and Lq L>i rc'sulting from 
positive shear, may be quickly found by multiplying the Htr((HseB for Case 
2.14 

III by the ratio "2 g- This ratio for panel 0-1 remains the Hamo for 

any bridge having six equal panels in each arm, im^pectivt! of tin; lengtii 
of the panel. The stresses for Case III arc given in Table 1 ; sind the live 
load stresses mLdJi and Ldi for Case IV are as follows : 

UV^ = (- 211 )(^ 2 .! 5 ) “ 

UU = (+ 135 )( 2 a ) ” +“*'» 

The impact stresses for Case IV are determitiod in a Hiiuilar manner. 

The influence line for negative shear i n panel 0- 1 for < 'asi > I V is jklm nop, 
and since there is at present no corresponding area for Vam III we siiall 
leave this question to be considered later. 

6. Positive Moment about TTs. Case ///.—The influence lims abc 
for moment about Uz is shown in Fig. 5d 

Let Pi = the load on the segment 0-3, anti P « tlu> f otal haul on the 
area 0-6, then the criterion for maximum moment almut f/s is 

2 
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Wheel 12 at Lz satisfies this criterion, and the maximum moment about 
(7s is 7,057 ft.-lb. Hence, the maximum live load stress in L 2 L 4 is 


7,057 

30~ 


+235 


Case 77.— The influence line is defghij, Fig. 5e. If Pi = the load in 
panel 0 - 1 , Ps = the load in panel 1 - 2 , and Pz - the load in panel 2 - 3 , 
etc., the criterion for the maximum moment about Uz, when reduced, is 

379Pi + 4 OOP 2 + 439 P 3 $ mP, + 414Ps + 309P6 

Upon trial it will bo found that wheel 12 at Lz satisfies this criterion also. 
Multiplying eacli floor beam load by its corresponding ordinate 

(75.20)( 9.475) = 713 

(51.92)(19.475) - 1,011 
(74.62) (30.450) - 2,269 
(56.56) (18.075) - 1,022 
(48.80) ( 7.725) - 377 

5,392 ” maximum moment about Uz. 


The maximum tensile stress in LzLt is 


5,392 

30 


+ 179.7 


This value may be closely approximated from Case III as follows: The 
ratio of tho sum of the ordinates in Case IV to the sura of the ordinates 
in Case III is 


85.2 

112.5 


0.766 


and 

(236) (0.766) - +178 - stress in (. 27 / 4 . 


6 . Negative Shear in Panel 0-1. Case IV . — We are now prepared 
to consider the negative shear in panel 0-1 when the right arm 6-12 is 
loaded. The influence line is jklmnop (Pig. 6 c), and the criterion devel- 
oped therefrom is 

64Pr + 28P8 + 2P, $ 20Pio + 34Pu + 40Pia 

There are two positions of the train, when moving to the left, which satisfy 
this criterion, namely, wheel 11 at L» and wheel 8 at Ls. The maximum 
negative shear, occurring when the train is in the latter position, is — 22.8 
lb., as found by taking the sum of the products of each floor beam load 
and its corresponding ordinate. This value may be closely approximated 
by the proportionate method, as follows; Since the influence lia& jklmnop 
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(Fig. 5c) has its longest ordinate at the center of the arm, it wUl be com- 
pared with the influence line ahc (Fig. 5d), which also has its longest ordin- 
ate at the center of the arm. The latter influence line is for the moment 
at Uz for Case III, and the moment is 7,057. The ratio of the sum of the 
ordinates jklmnop (Fig. 5c) to the sum of the ordinate abc (Fig. 5d) is 


and 


-0.364 

112.5 


-0.00324 


(7, 057) (—0.00324) = —22.9 = shear in panel 0-1. 


This quantity represents also the maximum negative reaction at Lo 
when the right arm is loaded, from which all the stresses may be deter- 
mined as given in the designated column of Table 1. 



7. Shear in Panel 1-2. — The influence lines are shown in Figs. 66 and 
6c. The stresses in U 1 L 2 for Case III, as given in Table 1, are —11 and 
+140; from which the stresses for Case IV may be found as follows: 


/ I + 0.406 + 0.241 + 0.103 

-^vo.ee? + 0.500 + 0 333 + o.ier 


) = +113 
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Tlie stresses for Oase IV, determined by the c.\act rnetiiod, arc —15 
and +113 respectively. 

8. Shear in Panel 2-3. — The influence linos are sliown in Figs. 6d and 
6e. The stresses in LiUs for (lase IV, determined by the proportionate 
method are 


^^ ^0.107 + 0.333/ ^ 




().40(i + 0.241 + 0.103\ ^ 
500 + 0.333 + 0.107/ 


-01 



I’he stresses for Case IV, found by the exact method, are +48 and -60 
respectively, 

9. Shear in Panel 3-4.— The influence lines are shown in Figs. 7b and 
7c. The stresses in UJh for Case IV, determined by the proportionate 
method, are 



0.207 + 0.407 + 0.594 
().167 + 0.333 + 0.500 
^0.241 +0. 103 
1.333 + 0.167 


(+M)(S:; 


) = -99 
) = +27 
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The stresses for Case IV, determined by the exact method are — 101 and 
+26 respectively. 

10. Shear in Panel 4-5. — The influence lines are shown in Figs. 7d and 
7e. The stresses in Li Us for Case IV, determined by the proportionate 
method, are 


If 1 ^-'1^0.167 + 0.333 + 0.500 + 0.667 


) = +165 




Fig. 8. 

The stresses for Case IV, determined by the exact method, are +167 and 
—5 respectively. 

11. Shear in Panel 6-6. — The influence lines are shown in Pigs. 
86 and 8c. The stress in UsLs for Case IV, determined by the propor- 
tionate method is 

r-9in /'?:|07_+^+0^0.594 + 0.759 + 0.897\ 

^ VO. 167 + 0.333 + 0.500 + 0.667 + 0.833/ ~ 

The stress for Case IV, determined by the exact method is —241 



Sec. 3-12] 


SWING BRIDGES 


191 


12 . Moment about La. — The influence lines are shown in Figs. 8 d 
and 8 e. Tlie str(\sa in U lift for Case IV, determined by the proportionate 
method is 



Fm. 10. 


The stress for Case IV, determined by the exact method, is —ITS, 

13. Moment about L 4 , — The influence lines are shown in Figs. 96 and 9c. 
The stress in £/» I7j for ( laso IV, determined by the proportionate method is 

(- 208 ) - -132 


nriiiai T\/ K’lr AVArtf; tYIAfllnArl — “1v%4 
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14. Moment about Us. — The influence lines are shown in Figs. M and 
9e. Whenever each arm has six or more equal panels, the influence line 
for Case IV shows a reversal of stress in one or more chord members of 
the loaded arm adjacent to the center support. 

This phenomenon is explained in connection with Fig. 10a, where a 
is the distance from 72i to the point of zero bending moment, or 

aRi = Pifl — kl) 

From the theorem of three moments. 

Ri = ^(4- 5k + k^) 

Hence 



For any position of P, the limits of k are 0 and 1 ; hence, the limits of a 
are and I It is clear, therefore, that if any panel point experiences 
a negative moment from the influence load, the di.stanc<i of that panel 
point from the center support must be less than one-fifth of the arm 
length. If the panels are of equal length, tins condition can occur only 
when there are six or more panels in each arm. 

The stresses for Case IV cannot be determined by the proportionate 
method as heretofore, on account of the dissimilarity of the influencio 
line diagrams. In such instances the equivahuit uniform load may be 
approximated by the use of an equivalent uniform load table. For tins 
right segment, h = 25, h - 61.5 and the equivalent uniform loa<l is 
2.7 ; the area is 464 and the stress in LJjg is 

(464)(2.7) ^ , 

For the left segment, it will be sufficient to call fi =»> fj = 30, and tlie 
equivalent uniform load is 2.88. Hence, the stress is 

(-38) (2.88) _ _ 

i) 

16. Moment about Ls. — The influence line for Case IV is showtt in 
Fig. 106. There is no corresponding influence line for Case HI. Hince 
the influence is symmetrical about the center, the stress iti lhU», when the 
left arm is loaded, is the same as previously determined when tiu! right 
arm was loaded. 

16. Case V, Both Arms Loaded. Broken tmh . — By referring to 
the influence lines in Figs. 6c, 5e, 8c, and 9c, it is apparent that the stresses 
in the members there considered will be less for Cfise V tinm for ( ’as<^ IV, 
since any load, brought on to the right arm while the left arm is hsuhsl, 
will decrease the stress because the influence areas on opimite sides of 
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the center have opposite signs. In Figs. 6c, 6c, 7c, 7c, 8c, 9c and 106 the 
conditions are different, since loads on the right arm and the left segments 
of the left arm conspire, and the live load stress in any instance is the sum 
of the hve stresses as given for Case IV. Consider the member ^73^4, for 
example, illustrated in Fig. 7. The live load stress is —99 when the left 
segment of the left arm is loaded, and —30 when the right arm is loaded; 
hence, if a train approaches on each arm, the maximum live load stress 
is —129, as given in the column for broken loads. No impact is added 
when broken loads are considered. Specifications are not usually clear 
on the question of broken loads. If the location of the bridge is near a 
large freight terminal, it is conceivable that trains might occasionally 
approach simultaneously from both ends of the bridge. 

Continuous Loads . — ^If Figs. 6 and 7 are taken consecutively, it is 
apparent that the positive influence line area for Case IV is decreasing. 
On Fig. 7c it becomes less than the negative area for the right arm, the 
difference in areas being 2.65. Therefore the stress in UJL 14 , for Case V 
will be greater than for Case IV. 

The stress may be approximated as follows: Consider that the train 
moving to the left covers the whole span. Assume that the engine covers 
the segment ah and that the stress in on account of the engine, is 
the same as in Case IV or —99 lb. The shear in panel 3-4, on account 
of uniform train load of 2,000 lb. per lin. ft., from 6 to c is (—2.66) (2) = 
— 5.3 lb., and the stress in TJJLia is ( — 5.3) (1 .3) = — 6.9. Hence the stress 
for Case V is —99 — 6.9 = —105.9. Similarly the stress in L4C/5 is 
+ 165 + (7.6)(2)(1.3) = +184.8. 

17. Negative Shear in Panel 6-6. — There is no positive area in the 
influence line for the continuous condition of Fig. 8c. The train must be 
moving to the left if the engines are to be on the segment a6, followed by 
a uniform train load on the segment 6c. Since the segment ah is con- 
siderably longer than the length of the two engines, the shear in panel 
5-6 for Cases III and IV would be considerably less if the engines were 
moving toward the left instead of in the opposite direction. We shall 
take this difference into consideration, by computing the negative shear 
in panel 5-6 when the train is moving to the left. This occurs when wheel 
16 is at Ls and the shear (Case III) is —151.7 lb., which is considerably 
less than — 162 lb. when the train is moving to the right. Taking the 
same ratio of ordinates as before, the shear for Case V is 

(-9.i)(2) - 


The stress in TJJL^ is (— 192.0)(1.3) = —249.6. 
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18. Moment about Le. — The stress in UiU^iov Case IV was found to 
be +115, one area being loaded. When the other arm is covered with a 
uniform train load of 2,000 lb. per ft., the additional stress is +91. 
Hence, the stress for for Case V is +206. 

19. Dead Load, Bridge Open. Case 7. — The panel loads at each 
end are 20,000 lb. and all others 37,500 lb. Each truss is balanced on 

Ul 2 3 4 S 6 7 8 3 JO l/// 

Lit 
'tlb 

Fig. 11. 

the center support and the stresses are statically determinate. They are 
given in Table 1. 

20. Dead Load, Ends Raised. Case 77. — The maximum negative 
reaction on account of live load was found to be —22.9, to which must 
be added —15.3 per impact, or a total of — 38.2. Hence, if the positive 

uplift at each end is 38.2 or greater, there will be no ham- 
mering of one end when the train covers the opposite 
arm of the bridge. It will be assumed that the machinery 
parts are to be designed and adjusted so that the end 
wedges, when driven, will exert an upward pressure of 
50. Since there is a dead load of 20 at the end panel 
point, the resultant or net positive end reaction is 30, 
and the resulting stresses are given in Table 2. If the 
truss were treated as fully continuous, the end reaction 
would be 86.4 instead of 50, and a heavier and more 
expensive lifting device would be required. 

21. Combinations.— As previously explained, Case I 
is combined with either Case III or Case V; and Case II 
is combined with either Case IV or Case V. Only two- 
thirds of the dead load stress is taken when dead load 
and live load stresses have opposite signs. Many speci- 
fications are not clear upon the question of stress rever- 
sals. In treating reversals, each combination should be 
considered separately — ^that is, the largest positive stress 
of one combination should not be considered with the largest negative 
stress of another combination. The members have been proportioned, 
and the gross cross-sectional areas are given in Table 3. 

PI 

22. Reactions from Williot Diagram. — The quantities in Table 3, 

when divided by the modulus of elasticity J?, are the strains in the various 
members when the center reaction is removed and the truss, supported 
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Table 3 


Member 

Length 

(inches) 

Area 

(square 

inches) 

A 

Stress 

(pounds) 

P 

PI 

A 

Us 

Pud 

A 

UU: 

469 

32.5 

-0.652 

- 9.40 

-0.652 

+ 6.13 

Ui-U^ 

300 

30.5 

-0.833 

- 8.20 

-0.833 

+ 6.84 

UrU, 

300 

30.5 

-0.833 

- 8.20 

-0.833 

+ 6.84 

Ur-U, 

300 

30.5 

-1.666 

• -16.40 

-1.666 

+27.35 


300 

.30.5 

-1.666 

-16.40 

-1.666 

+27.35 


300 

68.2 

-2.500 

-10.99 

+2.500 

+27.46 

LorLi 

300 

19.8 

4-0.416 

+ 6.32 

+0.426 

+ 2.63 

Li-Ls 

300 

19.8 

+0.416 

+ 6.32 

+0.426 

+ 2.63 

LfLi 

300 

26.5 

+1.250 

+14.14 

+ 1.250 

+17.68 

LrU 

300 i 

26.5 

+1.250 

+14.14 

+1.250 

+17.68 

Lf-Li 

300 

44.5 

1 +2.083 

+14.05 

+2.083 

+29.25 

LtrLt 

300 

44.5 

+2.083 

+14.05 

+2.083 

+29.25 

U,-L, 

469 

19.8 

+0.652 

+15.44 J 

+0.652 

+10.08 

LrUi 

469 

19.8 

-0.652* 

-15.44 

-0.652 

+ 10.08 


469 

32.5 

+0.652 

+ 9.40 J 

+0.652 

+ 6.13 


469 

44.5 

i -0.652 

- 6.88 

-0.652 

+ 4.49 


469 

68.2 

1 +0.652 

+ 4.48 1 

+0.652 

+ 2.92 

UyLx 


.... 

0 

j 



UfL, 


.... 

0 







0 




UrL, 


.... 

0 i 




UfrL, 


.... 

0 







0 





Pud 


234.79 

2 

469.58 


Table 4 


1 lb. at 

Rq 

1 lb. at 

Ro 

Li 

+0.788 

Lt 

-0.068 

1/2 

+0.581 

L% 

-0.108 

Lz 

+0.386 

L, 

-0.114 

It\ 

+0.226 

Lio 

-0.088 

jLs 

+0.099 

Dll 

-0.046 


at 0 and 12, carries a load of 1 lb. at joint 6 (Fig. 11). The Williot dia- 

PI 

gram' is drawn in Fig. 12 by using the quantities ^ to represent strains. 

The quantities d which are proportional to the deflections are indicated 
in Fig, 11, The deflection at the center has been checked in Table 3, 
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where P and we necessarily have the sanae numerical values; but it should 
be remembered that P is measured in pounds^ while wo is a latio. 

It is clear from Maxwell’s Theorem that if 1 lb. at joint b causes the 
deflection di — 121 at joint 1, then 1 lb. at joint 1 will cause the deflection 
di = l2l at joint 6. Hence, with 1 lb. at joint 1, the reaction at joint 
6, when the truss is continuous over the three supports, is 



121 

470 


0.258 


and from statics 

= (1-0) (27 5) - (0.258) (150) ^ 


The reactions at the left end, determined in the sanui marnu'r, are given 
in Table 4. 

If the accurate reactions in Table 4 are compannl with the assumed 
reactions of Table 2, it will be apparent that tlie difl‘(n•en(!(^s arc compara- 
tively small. The greatest percentage of error (xicmivs wlien th(j load of 
1 lb. is at the center of either arm. , This comparison gives a fair id(>a 
of what error may be expected when the truss is assumcsl to h(* a he^am of 
constant moment of inertia and no recognition is made of didlecl.iou due 
to shear. 

The reactions for the preliminary design might be obtained by assum- 
ing that all members have the same cross-sectional art^a, whitdi may bo 
taken as 1 sq. in., and constructing a Williot diagram. 

The combinations of stresses for Cases I and 111 deb’niuiui the sizes 
of nearly all members, except the end post and chord members adjaccmt 
to the center support. Since the stresses for these caws are statically 
determinate, they might be used in making an estimate of the siz<‘8 of 
the members, and their areas used in constructing a WiUi(»t <liagratn. 

The continuous girder formulas give such satisfactory n'sults that 
a re-design is seldom necessary, except in a long sjnin am! then only 
for a few members adjacent to the center support. 


RIM-BEAEING SWING BRIDGES 

23. General Considerations. — The trusses in a rim-bearing swing 
bridge are supported by a large circular girder, which rotates with tlie 
span. The girder rests on conical rollers, usually about IH in, in 
diameter; and as many rollers are used as the circumferential length of 
the girder will permit, in order to giv as many b-arings for the girder 
as possible, and thereby minimize the deflection. 'I’lie trusses may rest 
directly upon the circular girder or drum, as in Fig. 135, 'riiis arrange- 
ment is undesirable, because it does not give an (^(junl distribution of 
the load to the rollers. A better arrangement is shown in I'ig. I Ik, where 
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the truss loads are distributed to the drum at 8 points instead of at 4, as 
in the previous case. This arrangement gives a more even bearing. 
In the diagrams here shown, the center pivot receives neither dead nor 
live load. It is better to frame the structure so that from 15 to 20 per cent 
of the load is transmitted to the center pivot through radial girders. 
In any case each truss is supported at two points over the circular pier, 
as illustrated in Fig. 13a. 

The reactions for the center-bearing bridge of the previous chapter 
were determined by assuming that the span functions as a beam of 
constant cross-section, continuous over three supports, no allowance being 
made for deflection due to shear. It was shown that the reactions thus 
co’mputod by continuous girder 
formulas, compared very favor- 
ably with the true reactions deter- 
mined after the design had been 
made. Such is not the case when 
the continuous girder formulas 
arc applied to a swing span on 
four supports. These formulas 
give a negative reaction at Ly and 
a positive at Lu when the left 
arm is loaded. This live load 
negative reaction, when the im- 
pact factor is add(!d, is in many 
instances, numerically greater 
than the dead load positive reac- 
tion, indicating that a live load 
over the left arm would lift tlie 
truss from its suj)port at Li. 

This assumption is not justified 
either by exact analysis, made after a truss is (kwigiKnl, or by observcal 
data taken aft«u’ erection. 

24, Partial Continuity. Equal Moments at Center Supports . — It will 
bo assumed that the diagonal bracing in panel 0-7 is so light that no 
appreciablt! sluuir can be transmitted through this pantd. The shear 
in the panel is assumed zero under any condition of loading; hence 
Hi = —7^13 for loads on liie arm 0-0, and lit =" —Ho for any loads on the 
arm 0-13. For an influence load of 1 Ib- 
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The five cases of loading to be considered are the same as for a conter- 
Kpprinff bridee The influence lines for shear in panel 0-1 for (hisos III 
Id IV are shown in Figs. I9d and 19c, rtvsix^ctively. If the live load 
is an E-40, the stresses for Case HI will bo the same jus or the center- 
bearing bridge given in Table 1. The stresses for Crises IV an<l V may 
he found by the proportionate metho<l. For example, the stress in 
LoUi for Case III is -211, hence, the stress for Case IV is 

/ a/0.800 + 0-605 + 0.422 + 0.250 0.4- 1 14\ ^ 

^ 211 Q ggg 0.667 + 0.5 -h 0.2d»l + 0.107 / 


The influence lines are drawn and the stresses computed for all the 
members, in precisely the same manner as for the eenter-heanng bridge. 
It may be noted that in this particular problem the positive shears arc 
greater, and the negative shears less, in the rim-bearing tyiKi than in 
the center-bearing type. The stresses in some meml«-rs wil ho greater, 
and in others less than in the centcr-lioaring l.ri.lge. If, however, an 
independent design is made for the riin-licaring tyiK‘, a comparison will 
show no appreciable difference in the two tlesigns. For this rtnison it is 
a common practice to disregard the center panel when tlio stresaes are 
computed. The diagonals in the center panel are light adjustable 
members, which serve only to provide stability to the structure when 
open, and resist a longitudinal wind pressure. 

After the trusses have been designed, a sufficiently exact analysis 
of the reactions may be made by omitting the bracing in the cmiter panel, 
removing the center supports, and drawing a Williot diagram for 1 lb. 
loads placed at Lj and Li. 



SECTION 4 

CONTINUOUS BRIDGES 

CoPYRIQHT, 1923, BY D. B. Steinman 


DESIGN AND ERECTION OF CONTINUOUS BRIDGES 

The continuous truss is an excellent bridge type, offering decided 
advantages (under suitable conditions) over all other forms of con- 
struction. It is, of course, well known in its application to swing spans. 
I ts gen eral adoption for fixed spans has long been retarde d bv prejudices '* 
Based on erroneous notions; b ut th e successful execution of sweral 
notable examples in the l^t few; yeans has served to dispel these preju- 
dices, and the continuous truss has become established as an important 
type in American bridge pra ctic e. 

1. Advantages of Continuous Bridges. — In comparison with simple 
spans, the continuous bridge offers the same advantages as the cantilever, 
namely: 

(1) Economy of material. 

(2) Suitability for erection of one or more spans without falsework. 

In addition, the continuous bridge is superior to the cantilever in 

(3) Rigidity under traffic. 

(4) Less abrupt stress-changes under traffic. 

(5) Elimination of expensive and troublesome hinge-details. 

(6) Less extra material or hazard in erection. 

(7) Safety of the completed structure. 

2. Economic Comparisons with Simple Spans. — The results of 
economic comparisons between continuous and simple spans will be 
materially affected by (1) the length of spans, (2) the system of web- 
bracing employed, and (3) the specification provision for reversal of 
stresses. 

The relative economy of the continuous typo increases with the length 
of span or, in general, with the ratio of dead load to live load. It is 
wrong to draw a general conclusion against the economy of continuous 
bridges based on a comparison for small spans (as Bender did in his book 
"Continuous Bridges" in 1876). 

Furthermore, for a correct economic comparison, the most suitable 
system of web-bracing should be assumed for each respective type; a Pratt 
or Petit system may be most economical for the simple spans, but a 
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Warren system will generally yield the bc.st re.sult.s for the ccmtinnou.s 
truss. 

Finally, the results of the economic comparison may be upset by the 
unscientific practice of imposing a stringent reversal clause; these reversal 
clauses as applied to the proportioning of main sections are rcdics of 
exploded fatigue theories, and should find no place in modern .siwcifica- 
tions for long-span bridges. 

3. Economy of the Continuous Type. — A proper eompari.son witli 
corresponding simple spans will generally show a substantial saving of 
material in favor of the continuous structure. 

For the Sciotoville Bridge, consisting of two spans at 775 ft., the 
saving was found to be about 15 to 20 per cent. 

According to comparative studies reported by Waddell, the economy 
of two 775-ft. continuous spans is 12 per cent for a railway structure and 
22 per cent for a highway bridge; for railway spans of half the length 
(387.5 ft.), the saving is reduced to 7 per cent. 

. According to comparative studies reported by Winkler, the saving for 
continuous bridges of two, three, and four .spans i.H 10, 19, and 21 p(m cent, 
respectively, when the span-length is about 325 ft; and 20, 2-1 atid 28 jX'r 
cent respectively, when the span-length is about 500 ft. (character of 
loading not stated, and no provision made for secondary stnisses). 

Generally, however, the economy of material is a minor (!onsi<leratiou 
in the adoption of the continuous type, the deciding advantages lieing the 
convenience of cantilever erection and tlio increasetl 8tifTn(‘.ss of the 
structure. 

^ 4. Prejudices against the Continuous Typo. — A c<»mm<»n objisction 
to the continuous bridge is its static indeterminateness. With modern 
methods of design and construction, however, it is possibhs to know the 
exact stresses in a continuous structure for any given conditions; the 
uncertainties can be made as small as in simple spans; and the extra 
labor of the computations is trifling, in itself, as well us in comparison 
with the advantages to be derived. 

Another argument that has been frequently advanced against conf imi- 
ous construction is the possibility of change in the stn^sses as a result of 
settlement or compression of the piers or abutments, 'rids argument 
would have some validity if the structure were supportetl on soft, yitdding 
foundations. No bridge engineer, however, wouhl tainsiih'r huiUiing 
a continuous bridge on soft foundations, without provision for adjusHnent 
of the supports. Whore rock foundations arc availal»le, tlie possiliility 
of settlement may be omitted from consideration. Fven if an u{>pr(?ci- 
able unequal settlement does occur, the effect u{Km the stresses will 
generally be negligible, especially in longer spans. In the <«ast‘ of the 
Sciotoville Bridge, according to the writer’s cornriutations. an <*xces8 
settlement of 1 in. at the mi<idle support would change the reatd ton less 
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than four-tenths of 1 per cent. The effect of possible pier settlement on 
the stresses of continuous bridges has been grossly overestimated by 
former writers on the subject. 

As a third objection, it is contended that the continuous truss is 
affected by temperature changes. The effect of expansion and contrac- 
tion of intermediate piers is of the same nature as that of settlement of 
the supports; the stresses producible can be easily calculated, but in the 
case of long spans resting on shallow piers they will be found insignificant 
and negligible. The effect of unequal temperature changes in different 
parts of the trusses themselves can also be safely neglected. (In the case 
of the Sciotoville Bridge, a difference of 10“ F. between top and bottom 
chords would change the end-reactions by only 1.5 per cent, and the 
middle reaction by only 0.7 per cent.) Uniform temperature changes 
in all the members of a continuous truss will cause no stresses. 

6. Conditions Favorable for the Continuous Type. — The following 
conditions are particularly favorable to the economy and efficiency of 
the continuous bridge in comparison with other types: (1) Long spans; 
(2) good foundations; (3) piers of moderate height; (4) moderate truss 
depth; (5) spans approximately equal; and (6) cantilever erection. When 
the spans are long, the other requirements assume minor importance. 

6. Economic Proportions and Number of Spans. — Both the economy 
and rigidity of the continuous type increase with the number of spans, 
but the gain beyond throe or four spans is insignificant. Moreover, a 
larger number of spans would create difficulty in providing for expansion 
on account of the groat length between expansion joints. Another 
objection is the greater number of supports at which jacking operations 
would be required during erection for adjustment of the reactions. (In 
a two-span bridge, only one support out of three requires jacking adjust- 
ment; in a five-span bridge, four supports out of six would require jack- 
ing.) For those considerations, the number of spans in a continuous 
group is preferably limited to three or four. 

In a two-span bridge, the requirements of economy as well as of 
appearance are best satisfied by making the two spans equal in Icngtli. 

In bridges of three or more spans, a symmetrical layout is also desir- 
able for appearance and for shop economy. 

In a three-span bridge, the economic ratio of spans is approximatedy 
7:8:7; but considerable variations from these proportions will not mate- 
rially affect the economy. 

In a four-span bridge, the economic ratio of spans is approximately 
3:4:4: 3; but these proportions may also be varied considerably without 
materially affecting the economy. 

In many cas(*8, tlu; span arrangement is determine<l l)y natural condi- 
tions of the crossing, or by the desire to utilize existing piers, rather than 
by economic or esthetic considerations. 
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History of Continuous Bridges, — The first representative of the 
continuous bridge type was the Britannia Bridge in England, built by 
Stephenson in 1848. It is a tubular plate-girder bridge of four spans: 
230, 460, 460 and 230 ft. This was followed by several similar bridges, 
including the Torksey Bridge over the Trent (1849) with two spans of 
130 ft., and the Bryne Bridge (1855) with three spans of 141, 267 and 
141 ft. 

In the latter part of the nineteenth century, continuous truss bridges 
were extensively built on the Continent. They were usually of the lat- 
tice-girder type with parallel chords, continuous over three to five spans. 
The Fades Viaduct in France (1908), with three spans of 378, 472 and 
378 ft., had the longest continuous span prior to the building of the 
Sciotoville Bridge. 

The Lachine Bridge, over the St. Lawrence River near Montreal, 
built in 1888 by C. Shaler Smith, with four spans of 269, 408, 408 and 
269 ft., was the only continuous bridge in America before 1917. It was 
erected as a cantilever bridge, and then converted into a continuous truss 
for the live load. It was replaced in 1910 by a simple-span bridge. 

The Sciotoville Bridge over the Ohio River, completed in 1917 with 
two spans of 775 ft., made a new record for span-length and established 
the continuous type in American bridge practice. Other large continu- 
ous bridges followed in rapid succession. The Allegheny River Bridge, 
near Pittsburgh, built in 1918, has three continuous spans of 272,520, 
and 347 ft., followed by three continuous spans of 347, 350, and 272 ft. 
The Hudson Bay Railway Bridge over Nelson River at Kettle Rapids, 
also built in 1918, consists of three continuous spans of 300, 400, and 
300 ft. The C. N. 0, Railway Bridge over the Ohio River at Cincinnati, 
built in 1922, has three continuous spans of 300, 300 and 516 ft. 

The Sciotoville Bridge. — The Ohio River Bridge of the Chesapeake 
and Ohio Northern Railway at Sciotoville, Ohio (Fig. 1), erected 1915 
to 1917, is a double track bridge with the longest continuous spans in the 
world. In consequence of a bend in the river at the crossing, trajffic 
follows the river channel along the Kentucky shore at low water, and 
shifts toward the outer or Ohio shore at high water; two spans of 775 ft. 
were necessary to satisfy the navigation requirements. The bare rock 
bottom only a few feet below low water afforded ideal foundation condi- 
tions for a continuous structure; this solution also offered maximum 
rigidity under railroad traffic, maximum economy in metal, and the 
important advantage of erection with a minimum of falsework. The lay- 
out adopted (Fig. 1) yielded a symmetrical and sightly structure, convey- 
ing an impression of strength and rigidity. 

The three piers rest on solid shale rock, with a maximum foundation 
pressure of 9.5 tons per sq. ft. from vertical loads only, and 12.5 tons per 
sq. ft. vrith longitudinal force acting. The center pier, 18 by 63 ft. under 
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the coping, resists the longitudinal 
force from the entire bridge and 
carries a vertical load of 16,400 
tons. The shore piers, 12 by 57 
ft. under the coping, carry only 
vertical loads of 5,100 tons. The 
piers are made of 1:2:4 concrete, 
reinforced with 1-in. square rods 
to prevent shrinkage and tempera- 
ture cracks. The copings are rein- 
forced longitudinally with I-beams 
to distribute the load from the 
bearings. The three piers contain 
about 15,000 cu. yd. of concrete 
and 250 tons of steel reinforcement, 
and cost $165,000, or $11 per cu. yd. 

The stresses in the superstruc- 
ture were calculated by the exact 
methods outlined in the next chap- 
ter, based on a live load of E-60, 
impact according to Lindenthal's 
formula, and dead load froin actual 
weights calculated for each panel 
point. The average dead load is 
18,200 lb. per lin. ft. of bridge, 
which included 700 lb. for the 
weight of each track. The distribu- 
tion of the dead load over the spans 
is indicated in Fig. 2a. In addition, 
provision was made for a braking 
force of 60,000 lb. for each locomo- 
tive, or 1,000 lb. per lin. ft. for the 
whole train, a lateral force of 600 
lb. per lin. ft., a stationary wind 
load of 1,500 lb. per Kn. ft., and a 
moving wind load of 500 lb. per 
lin. ft. For stresses from wind + 
braking, the excess over 20 per cent 
of the total of all other stresses was 
considered. The members were pro- 
portioned for a basic unit stress of 
20,000 lb. per sq. in. for the total 
of D + L + I + Lat. + Excess. 
The variation in sections of the 


Fig. 1. — The Scioto ville Bridge over the Ohio River. Two continuous spans of 775 ft. 
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main members and the resulting variation in moment of inertia of the 
truss are platted in Figs. 2b and 2c. The individual stresses and sections 
are given in a paper by Lindenthal in the Proceedings, Am. Soc. C. E., 
March, 1922, Plate V. 
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(C) Variation of Sections of Truss Members 

Fio. 2. — Distribution gmphs for tho BoIotoviUit Brkigo, 


Ample lateral rigidity was secured by making the width Itetween 
centers of trusses 38 ft. 9 in., or one-tweutieth of the spun-length, although 
a smaller width might have sufficed in view of the continuity of the lutcTul 
truss. The height at the middle of each span was made 103 ft. 4 in,, or 



Sec. 4-81 


CONTINUOUS BRIDGES 


205 


approximately one-sixth of the length from the end pier to the point of 
contraflexure, since this length, about 80 per cent of the span, may be 
considered as a simple span. The height over the center pier was made 
129 ft. 2 in., or one-sixth of the span-length, since the maximum moment 
at that point is about the same as at the center of a simple span. The 
height at the end was made 77 ft. 6 in., or equal to a double panel, in 
order to give the end-posts an inclination of not less than 45 deg. These 
throe heights, in the ratio 3:4:5, also secured a pleasing outline for the 
continuous truss. 

The Warren system adopted for the web bracing, with subdivided 
panels of 38 ft. 9 in., was found to be the most economical. 

An alternative preliminary design, with pin-connected eyebars for 
the tension members, proved slightly cheaper, but the riveted truss design 
was adopted for its superior rigidity and durability. 

All members have double webs and flange angles. The chords and 
inclined end-posts have solid cover plates. All the open sides of the 
members have rigid latticing of angles or channels. Transverse dia- 
phragms, about 15 ft. apart, stiffen the members against distortion. 

The web plates of the members stop at the gusset plates and arc 
spliced to them with rivets in double shear; flange angles extend over 
the gussets. The gussets and webs are 1% in. thick at the main panel 
IKiints iP/i in. at {718 and L20), and thick at the secondary 

panel points. The largest gusset plates used are 135 in. by 1^ in. by 14 
ft. 9 in., and 140 in. by by 18 ft. 2 in. In the main members, 

all rivets are 1 in. diameter (except IJ-^-in. rivets up to 7% in. grip at 
{718 and 1/20). 

The longitudinal struts, which half-length the verticals, extend over 
two panels for better appearance. After erection, the connection at one 
end was loosened so as to allow the necessary sliding. 

The lower lateral system forms with the bottom chords a two-span 
continuous truss. The upper lateral system in each span acts as a simple 
truss between the rigid portals over the piers. 

To provide for unequal deflections of the trusses under one-sided 
loading, the usual sway frames of rigid cross-bracing were replaced by 
deep lattice frames combining strength with elastic stiffness. 

The floorbeams are of exceptional design, in the form of U-shaped 
frames extending up to the struts. The available floor-depth was too 
shallow for an economical and stiff floorbeam of the usual type, figured 
as a simple span. As sufficient width was available, deep brackets were 
added and made continuous with the floorbeam so as to form an inverted 
two-hinged arch. This greatly reduced the bending moments in the 
horizontal portion and effected a material saving in weight, besides 
adding to the stiffness of the structure. The overhead strut takes up 
the horizontal thrust of the inverted arch. 
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To relieve the floorbeam flanges of the high stresses producible by 
braking and other longitudinal forces, a horizontal braking truss was 
provided in every panel in the plane of the lower laterals. 

The bearings are of cast steel. The longitudinal expansion of the 
1,550-ft. truss is divided between the two end bearings (Fig. 3). The 
center bearing is fixed, and has to take up the longitudinal force from 
braking and traction (2,520,000 lb. per truss). The bearing (Fig. 4) 
consists of a pedestal built-up of three separate castings in two tiers, 
and a shoe-casting bolted to the truss. To concentrate the reactions 



Fig. 3. — End boaring:, Soiotovilio BHcIko. 


and permit the truss to deflect freely, the lower surface of tlie shoe-cast ing 
was planed convex to a radius of 1,150 in., while tlu; top surface of the 
pedestal was finished to a perfect plane. To prevent horizontal crtjepi ng, 
the shoe-casting is secured to the pedestal by four steel dow<}ls, O-iJi. iii 
diameter. 

The greatest deflections of the trusses are 3 in. from fiill live loa<i 
covering both spans and 4H in. (about 1:2,000 of tlie span-length) fr..m 
full load covering only one span. The truases wen* cambere<i so jis to 
deflect to a straight line under dead load plus one-half live load. 

Calculations made by the writer showed .sev<!re secoiulary stress(*H 
producible by dead load and live load, particularly over the inid<IIe 
support where the deflection diagram has a sharp upward kink. At this 
point, a bending stress of 21,400 lb. per sq. in. would bo prodiuasl in the 
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bottom chord, were it not for the special method adopted to counteract 
the secondary stresses. This was accomplished by assembling and 
erecting the members to their geometric angles instead of to their cam- 
bered angles; so that, under the load D + the trusses assume their 

true geometric form and their members become straight and free from 
secondary stress. In other words, as a result of forcible initial bending 



Fig. 4. — Center bearing, Sciotoville Bridge, 


of the members in erection, the secondary stresses in this bridge decrease 
as live load comes on, and are fully neutralized under half live load. 

The entire continuous bridge, 1,550 ft. long, contains 13,240 tons 
of steel. If riveted simple spans had been used, the weight would have 
been between 15,000 and 16,000 tons, or 13 to 20 per cent heavier than 
the continuous design. 

A more complete account of the bridge is given in LindenthaPs paper 
presented before the American Society of Civil Engineers, April, 1922, 
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Erection of the Sciotoville Bridge. — Shop assembling of the truss 
connections was required by the specifications. The trusses were assem- 
bled in sections, connecting the web members to each chord separately. 



Fig. 5. — Sciotoville Bridge — Erection, of Ohio span on falsework. . 


The members were carefully leveled and laid out with a transit to the 
exact “geometric” angles, and the distances were carefully checked with 
a steel tape; all rivet holes were reamed or drilled with the members 
so assembled. 



Fig. 6. — Sciotoville Bridge — Cantilever erection of Kentucky span. 


The Ohio span was erected on falsework, as the river was shallow and 
no opening for navigation was required under that span. On account of 
the rock bottom, no piles could be driven; and, to minimize the danger of 
the falsework being carried away by sudden flood, narrow falsework 
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towers under the main panel points were used instead of closely spaced 
bents, leaving 60-ft. openings for the passage of drift and ice (Fig. 5). 



Fio. 7.— Sciotovillo Bridge — Jacking apparatus for bending members at conneotiona 



Fio. 8. — SoioiovUle Brldge- Kentuoky span reaching temporary bent at BS. 


On the Kentucky side, a minimum clear channel of 420 ft. was required 
for navigation; conscfjiKuitly cantilever erection was adopted (l^ir. 61. 
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Si.ce the erection of the th 

peceesiuw to 12 panel, m ft.) 

^ “ intemediate enpport. at the eighth and fourth 
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stresses. For thes temponwy intermediate 

“““ 

’'“S^al erection procedure wc a. follows: By moan, of a gantry 

travdi^^. 6), tte ^'*<=''0* an-i. »” 



delivery tracks were laid from the Ohio pier to tlic etniter pier. On the 
return trip toward the Ohio pier, the traveU^r laicl the iiottom chords. 
These were at once riveted while lying in a straight lino, and tlion jackeil 
to the desired camber with the Ohio end 8j-i in, lower than its final 

The traveler was then raised to its full height anti brought back to the 
center pier, whence it proceeded with the erection of the trusses toward 
the Ohio end (Fig. 5). 

In the meantime, a creeper-traveler had been asaombled on top of the 
trusses over the center pier for the erection of the Kentucky span. As 
the creeper-traveler proceeded with the cantilever erection, the tiinlwr 
falsework under the completed Ohio span was gradually rcmoveil, leaving 
only the steel columns under panel points 4, 8, 12 and 16 to supisirt the 
trusses (Fig. 6). These columns were finally releanotl, when the Ken- 
tucky cantilever had reached about mid-span, by jnckitig ifte Oliioeixl 
of the span to its final position (using one 500-ton and four 200-ton jacks 
under each truss). 
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When the Kentucky cantilever reached 
the steel bent prepared at L8 (Pig. 8), it was 
jacked up 7^ in. at that point, and when the 
truss reached the next bent, at lA, it was 
jacked up 1 in. at that point. When the 
Kentucky pier was reached (Fig. 9), the truss 
was jacked up 16M position 

on the rocker bearings, thereby releasing the 
internaediate' supports. The final jacking 
force (about 1,200 tons) checked the calcu- 
lated reactions, insuring the correctness 
of the predetermined stresses without fur- 
ther adjustment. 

The erection of the steelwork (13,240 
tons) was completed in 14 months. 

The writer was special assistant to Gustav 
Lindenthal, Consulting Engineer, during the 
planning and execution of this work. 

10. The Allegheny River Continuous 
Bridge. — The new Allegheny River Bridge 
for the Bessemer and Lake Erie Railroad, 
built in 1918, is a double track deck structure 
with three continuous span.s of 272, 520, and 
347 ft., followed by, three continuous spans 
of 347, 350 and 272 ft. (see Fig. 10). 

The necessity for cantilever erection and 
the importance of minimum weight were the 
governing conditions which fixed the choice 
on the continuous type; this solution also 
proved the cheapest. Simple spans would 
have required considerable extra material 
for erection stresses and a cantilever design, 
besides being undesirable for the short spans 
and heavy live load, was not adapted to 
the requirement of erecting from one end 
of each span. The number of spans to be 
connected in a single, continuous structure 
was limited to three, in order to avoid the 
complication of having too many pier reac- 
tions to adjust; grouping three spans in each 
continuous structure, only the two end-reac- 
tions of a group hadtobo weighed off by jacks 
and gages to the predetermined amounts. 
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A special feature of the structure is a counterweight at the end of 
the south span to counteract uplift from live load on the adjoining 
span, 520 ft. long. The counterweight consists of a 350-ton block of 
concrete, molded around the end sway-frame and occupying the full width 
and height below the deck floorbeam. The necessity for this counter- 
weight would have been avoided if the end-span could have been made 
longer. 

Silicon steel was used for the stiff truss members (subject to reversal 
of stress), and a specially treated steel was used for the eyebars. These 
materials furnished the cheapest bridge at the prevailing prices. The 
comparative estimates were based on unit stresses of 16,000 for ordinary 
steel, 40 per cent higher stresses for silicon steel, and 27,000 lb. per sq. in. 
for the eyebars. (The eyebars showed results in full-size tests of 53,000 
to 63,000 elastic limit, and 81,000 to 90,000 ultimate strength.) 

The design of the bridge was based on Cooper’s E-75 loading to pro- 
vide for the existing heavy ore trains with an anticipated increase for 15 
or 20 years. A first approximation to the required distribution of metal 
was obtained by employing ordinary continuous-girder formulas based 
on constant moment of inertia. The resulting design was then analyzed, 
corrected and re-analyzed by deflection calculations. The dead load 
reactions, however, were fixed arbitrarily at an early stage of the calcula- 
tions, and then secured by jacking in the final erection adjustment. 

For the members which get their maximum stresses under broken load, 
the permissible working stress was increased 25 per cent as allowance for 
the improbability of occurrence of short, separated lengths of train occu- 
pying just the panels required. Members and connections subject to 
reversal of stress were designed for the maximum stress in each direction 
augmented by 50 per cent of the smaller. 

Severe wind loads were assumed, and the unit stresses for combined 
wind and vertical load were increased 25 per cent above those normally 
allowed. 

In order to relieve the pier masonry of braking forces, the bearings on 
all the river piers are provided with expansion rollers, the two ends of the 
bridge being fixed. At the intermediate bearings, 24-in. rockers are 
carried on a grillage resting on the pier girders, and the truss panel point 
serves as upper shoe. To this panel-point assemblage (Fig. 11), the 
four abutting truss members are pin-connected, producing the equivalent 
of a pin-bearing support and eliminating the high secondary stresses 
that would arise in a continuous chord. 

The steel weight of the bridge is about 10,150 tons, or 8,700 lb. per 
lin. ft. 

The truss diagram (Fig. 10) and the typical details (Fig. 11) are repro- 
duced from a description of the structure in Engineering News-Record^ 
May 2, 1918. 
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11. Erection of the Allegheny River Bridge. — The two-track continu- 
ous bridge (Fig. 10) of the Bessemer and Lake Erie Railroad over the 
Allegheny River, built in 1918, replaced a light, single track structure of 
simple spans. 

A method of building on the existing alignment with use of the old 
piers and without interrupting traffic, was developed. The replacement 
was made as follows: The single track piers, were widened on the old 
footings, which had been built of double track width originally. The 
new bridge was then erected alongside the old one, since the widened 
piers, with the help of pier girders, were long enough to accommodate 
both structures side by side. Traffic was then transferred to the new 
bridge, and the old one was dismantled. Finally, the new bridge was 
rolled over into central position on the piers. 

The erection of the new bridge was begun at the two ends, by building 
the shore spans on falsework. All the other spans wore erected by 
continuous cantilever operation to closure at the middle of the 520-ft. 
span. 

In the cantilever erection, as soon as each span was landed, it was 
jacked up to correct level. From the fixed bearing at the north end to 
pier 1 (Fig. 10), the first span was erected on falsework and served as an 
anchor span; when the second span reached pier 2, it had to he jacked up 
40 in.; when the third span reached pier 3 it ha<l to l)e jacketl up 42 in.; 
when the fourth span, with temporary toiKchord links coniu'cting it to 
the preceding span, reached pier 4, it had to l)e jacked up 4.3 in. to permit 
removal of the links, and was then lowered to position on tluj pier. In 
the meantime, the south shore span had bec'n enteted on false work 
from the south abutment to pier 5, leaving the .52()-ft. span to be erected 
by cantilevering from pier 4 and pier 5 to junction at mid-span. For 
this cantilever operation, the rocker bearings on piens 4 and 5 Wftre rendered 
fixed by bolting on temporary side-plates (after the two halves of the 
structure had been pushed forward several inclu.'s, and the rear ends had 
been lowered to tip the forward ends up). To close the span, the bottom- 
chord eyebars, which are joined at the middle, were inserted and allowed 
to hang slack; the top-chord closing section was then drot)ped into place 
and the anchor-ends of the arras were jacked up until the; top-chord joints 
came to bearing; the rocker bearings on the main piers were then released 
by taking off the fixing plates, so that the trusses might move backward at 
these points as the jacking continued until the eyebars were put into the 
desired tension. 

Finally, the old bridge was dismantled and the new bridge wjis rolled 
into central position on the piers, the two groups of three continuous spans 
being moved successively. 

12. The Nelson River Continuous Bridge. — A thre(!-H{)an continuous 
brid^rfi i.oon ft. long, was erected in 1918 for the single track crossing 
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of the Hudson Bay Railway over the Nelson River at Kettle Rapids (Figs. 
12 and 12 A) . Rapid current, a deep channel, and severe ice conditions pre- 
cluded the use of falsework for the channel span ; the rock foundations for the 
piers and abutments assured the permanence of the structural adjust- 
ment. These physical conditions gave the continuous structure a distinct 
superiority over other types; careful comparison with simple span and 
cantilever designs showed maximum economy for the continuous type as 
well as maximum simplicity in shopwork and in erection. Two islands 
at the point of crossing provided foundations for the intermediate piers, 
reducing the spans to 300, 400, and 300 ft. 

Parallel chord trusses were adopted to simplify the design and fabri- 
cation, and to facilitate speedy erection. . The trusses, only 15 ft. above 
high water and ice (for economy in pier masonry), are 50 ft. deep and 
are spaced 24 ft. apart. Warren webbing was adopted because it is 
most economical for the alternating stresses and because of its simplicity 
and good appearance. A 45-deg. slope for the diagonals made the main 
panel length 100 ft., and intermediate verticals and sub-panelling reduced 
the panels to 25 ft. (see Fig. 12). 

The approach track grades brought the bridge floor near mid-height 
of the trusses; and this yielded incidental advantages in simplifying 
‘floorbeam connection, in improving stress distribution, and in reducing 
stringer stresses due to chord elongation. 

The bridge was designed for a live load slightly less than Cooper^s 
E-50, and for a total wind load of 800 lb. per lin. ft. The basic work- 
ing stress was 16,000 lb. per sq. in. for tension, and 12,000 for com- 
pression. Provision for impact and reversal effects was made by the 
impact formula 

^_(L + 0.4L')2 
L + D 

where L = the greater and V the lesser live load stress. 

All four bearings are of the pin type, the upper and lower shoes being 
steel castings. One of the two pier bearings is fixed ; all the other bearings 
have expansion rollers. 

Figures 12 and 12 A, giving the general elevation of the bridge and 
the stress-sheet of the main span, is reproduced from a description of the 
structure in Engineering News~Record, Aug. 29, 1918. 

13. Erection of the Nelson River Bridge. — The trusses of the Nelson 
River Bridge (Fig. 12) were given an arbitrary camber by lengthening 
each top-chord panel % in. The bridge had to be erected with its ends 
low to permit junction at midstream, and provision for jacking up the 
bearings, was necessary for adjustment of the structure to the desired 
stress conditions. The floorbeams over the four supports were made 
strong enough to serve as jacking girders for this purpose. 

Commencing at the south end, a 75-ton derrick car with 50-ft. boom 
erected the members of the southern anchor span on false work. After 
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this anchor span had been fully riveted, the derrick car proceeded with 
the cantilever erection of the south half of the channel span; the riveting 
followed close behind the erection. 

For the work on the north bank, the material 
was transported across the river by a double 
cableway supported directly over the bridge. 
In place of a derrick car, a top-chord traveler 
with two 62-ft. booms was used for the erection 
of the north haK of the bridge. Commencing 
at floor level at the river pier, the traveler moved 
backward toward the abutment, placing the floor 
system and lower half of the trusses of the north 
anchor span. Upon arrival at the abutment, the 
traveler was blocked up to top-chord level, where 
it moved forward to erect the upper half of the 
trusses. Then it worked out along the top 
chord, erecting the channel span as a cantilever. 

When the two halves met at mid-span, they 
were found to be in perfect alignment. The 
south half of the structure was jacked forward 
on its rollers (it had originally been set back 
5 in.), to make the bottom chord connection. 
The end supports were then jacked up to proper 
level (they had been set 10 in. low), in order to 
close the top-chord gap (1 in.) and to put the 
full calculated dead load stress into the top 
chord. The jacking was stopped when the dead 
load reaction reached the calculated value, 
although this left the ends of the bridge in. 
lower than their intended position. 

14. The C. N. O. Bridge at Cincinnati. — ^The 
new bridge of the C. N. O. and T. P. Ry. 
(Southern Ry.) over the Ohio River at Cin- 
cinnati, erected 1922, is a double track struc- 
ture of five spans, three of which are continuous. 
The continuous spans are respectively 300, 
300 and 516 ft. 3 in. The structure replaces 
an old single track bridge of simple spans, and 
rests on the old piers slightly widened to take 
the two-track superstructure- The new steel- 
work was built around the old. 

The trusses have parallel chords and a subdivided Warren system of 
web bracing. 

A novel feature was introduced in the construction of this continuous 
bridge. Instead of figuring exact theoretical values for the dead load 
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reactions, an approximate value was assumed for one of the end-reactions 
and the corresponding end of the bridge was jacked until the desired value 
was attained. 

The steel erection was completed in February, 1922, one year after 
the foundation work began. 

STRESSES IN CONTINUOUS BRIDGES 

15. The Elastic Curve. — The first step in the analysis of a continuous 
bridge is the construction of the influence line for one of the unknown 
reactions. This influence line can then be used as a foundation for 
quickly drawing the influence diagrams for all the stresses in the structure. 

This reaction influence line may be constructed as the deflection 
diagram produced by a unit displacement at the point of application and 
in the direction of the desired reaction. Since this deflection polygon or 
curve is independent of the actual loading to which the structure may be 
subjected, but depends only upon the elastic relations within the struc- 
ture, it is appropriately named the “elastic curve.” 

The elastic curve epitomizes the elastic behavior of the structure, and 
is the key to all stress determinations. 



Fig. 13. — Elastic curve for middle reaction. (Continuous girder of two equal spans — 

uniform J) . 

16. Elastic Curves for Constant 7. — For preliminary designs it is 
customary to assume a constant moment of inertia I throughout the 
length of the structure. 

If a beam of constant 7, continuous over two equal spans, is subjected 
to a unit displacement (by a concentrated force) at the middle support, 
the resulting deflection curve will be as in Fig. 13. 

This will be the “elastic curve” for the middle reaction, and can be 
used as the influence line for that reaction. Thus a load P at the middle 
support will produce a reaction, B = 1-P; and a load P at the middle of 
either span {x = 0.5Z) will produce a reaction, B = = 0.6875P. 
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The ordinates at the one-tenth points of the two spans are indicated 
in the diagram. At any point x = kl, the ordinate will be 

= ( 1 ) 

The influence area between the elastic curve (Fig. 13) and its chord 
AC amounts to 1.25Z. Hence, a uniform load {w per lineal unit) covering 
the entire bridge will produce a middle reaction equal to 1.25 wl or five- 
eighths of the entire load; and each end-reaction will be 0.375 wl, or three- 
sixteenths of the total load. 

Each half of the elastic curve in Fig. 13 is identical with the elastic 
curve of a beam fixed at one end and simply supported at the other. 

The whole curve (Fig. 13) is identical with the curve assumed by a 
uniform beam supported at the ends A, C when deflected by a concen- 
trated load applied at mid-length B. Accordingly, the elastic curve 
can be obtained mechanically, without computation, by using a uniform, 
straight spline with pins for end supports; when the middle point is moved 
through a unit distance, the spline assumes the desired elastic curve and 
the ordinates can be measured. 

If the reaction points B and C are supported and the free end A is 
displaced through a unit distance, the resulting elastic curve” (Fig. 
14) will be the influence line for the end-reaction, A. 

This influence line is more directly applicable in the analysis of the 
structure than the preceding curve, Fig. 13. 

A load P over the end A will produce a reaction, A = (1) (P). As the 
load moves across the first span, the reaction diminishes; when P is 
at mid-span, the reaction is A = = 0.40625P. As the load 

passes the middle support B, the reaction A reverses in sign; when P 
comes to the middle of the second span, 5-C, the reaction becomes A = 
— = — 0.09375P; and when the concentration reaches the end 

support C, the reaction A becomes zero again. 

The ordinates at the one-tenth points of the two spans are indicated 
in the diagram (Fig. 14). At any point, x == kl, in the first span, the 
ordinate will be 

y - 1 - (2) 

and at any point, x = kl, in the second span {x being measured from the 
free end), the ordinate will be 

y = -M(fc - (3) 

The elastic curve in Fig. 14 is really the same as the elastic curve in 
Fig. 13, referred to the chord P-C instead of A-(7; and the ordinates for 
Fig. 14 may be obtained by measuring or figuring the intercepts between 
the curve in Fig. 13 and its chord B-C (and then dividing by 2). 

The influence area between the elastic curve (Fig, 14) and its chord 
B-C amounts to +0.4375Z — 0.0625Z = 0.3751, or +^6^ — 
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Hence, when a uniform load w (per unit length) covers the first span, the 
reaction A == when it covers the second span, the reaction A = 

— and when it covers both spans, the reaction A — %wl. Areas 



Fig. 14. — Elastic curve for end reaction. (Continuous girder of two equal spans — uni- 
form I). 

below the elastic curve represent positive contributions to the reaction 
A, and areas above the curve represent negative contributions to the 
reaction. All areas are given exactly by Simpson's Rule. 

The elastic curve. Fig. 14, may also be obtained mechanically by 
using a spline; when the points B and C are held against pins, and the end 
A is bent through a unit distance, the spline assumes the desired elastic 
curve and the ordinates can be measured. 



supports) . 

17. Influence Diagram for Bending Moments. — The elastic curve 
(Fig. 14) is an influence line for the end-reaction, A. 

To obtain the influence diagram for bending moments at any point Af, 
distant a from the end of the span, simply draw a straight line joining 
A and M (Fig. 15). 

The ordinates or areas of the resulting diagram, Fig. 15, must be multi- 
plied by a to give bending moments at M. The factor a is the influence 
constant of this diagram. Areas below the elastic curve represent posi- 
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tivo bending momenta, and areas above the curve represent negative 
bending moments. 

If the lino A-M does not cross the curve A-B, the first span must be 
fully loaded for maximum positive bending moment, and the second span 
must bo fully loaded for maximum negative bending moment. The 
resulting values (for a uniform load w) will be 


Max. M = wa(}iQl — a/2) 

(4) 

Min. M = -wa(K60 

(5) 

Total M = wa{^l - ^a) 

(6) 


For a uniform load («i) covering both spans, there is a point of 
contraflexurc (Total M = 0) at a = % 1; and a maximum bending 
moment (Total ilif = maximum = 0.0703 wl^) at a = 

For a uniform load w covering the first span only, there is a point 
of contraflexurc (M = 0) at o = %Z; and a maximum bending moment 
(Max. M = maximum * = 0.09.57«}Z‘'*) ata = Ke^- 

When a exceeds 0.8Z the lino A-M crosses the curve A-B, giving a 
load-division point. The critical point, a = 0.8Z, is called the “fixed 
point” of the span. 

For bending moments over the middle support B, (a = Z), the line 
A-M (Fig. 15) takes the position A-B. The influence diagram then con- 
sists of two negative areas each equal to and the bending moment 
for full loading will be, I’otal ilf =* — 

We thus fiml the following values for maximum, minimum, and total 
bending momenta at the one-tenth points of the span (Table 1). 

Tahi.k 1. — Hkniuno Momknts in tJoNTiNUoim Gmmaii on- Two Kquai. >Spanh 
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The bending moments due to uniform dead load are given by the 
formula or tabular values for Total M. For variable dead load, it will 
be most expeditious to first determine the end-reaction A (by taking the 
algebraic sum of the products of the panel concentrations by the 
respective ordinates of the elastic curve, Fig. 14), and then to calculate 
the shears and bending moments in the ordinary manner. 

18. Influence Diagram for Shears. — The influence diagram for shears 
at any section of a continuous girder, is obtained by simply drawing 
a vertical line of unit height through the corresponding point of the 
elastic curve. Fig. 16. 



Fig. 16 . — Influence diagram for shears at S. (Girder continuous over three supports). 

Areas below the elastic curve represent positive shears, and areas 
above the curve represent negative shears. The constant of this influ- 
ence diagram is unity. 

For maximum positive shears (Max. 7), load the segment /S-5; for 
maximum, negative shears (Min. V), load the segments A-S and JS-C. 

Table 2. — Shears in Continuous Girder op Two Equal Spans (Assuming Uni- 
form 1 ) 
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From the influence diagram (Fig. 16), and the equation of the elastic 
curve (Eq. 2), we obtain the following values for the shears at any 
section distant a = kl from the left end of a uniform continuous girder of 
two equal spans: 

Max. V =wl (Ke - k + - Hek*) (7) 

Min. V = -wl (Ke + - Ke*") (8) 

Total V =-wl{%-k) (9) 

These formulas yield the following values for the governing shears at the 
one-tenth points of the span (Table 2) : 

The shears due to uniform dead load are given by the formula or 
tabular values for Total 7. 

19. Two Equal Spans with Symmetrical Loading. — For symmetrical 
loading, a continuous girder of two equal spans is undeflected over the 
middle support, and each span is in a condition identical with that of 
a beam fixed at one end and simply supported at the other. The resulting 
reactions, stresses and deflections may be figured accordingly. 

20. Two Unequal Spans. — For a continuous girder of two unequal spans 
(Z, and li = nZ), the clastic curve is obtained in the same manner as Fig. 
13 or Fig. 14, namely, by considering the girder held at two of the supports 
and deflected by a concentrated force applied at the remaining support. 
The resulting curve will be identical with the elastic curve of a beam 
of span Z + Zi deflected by a concentration at a distance Z from one end. 

The ordinates of the clastic curve for the intermediate reaction B 
(corresponding to B'ig. 13) will be (for any point, ® = kl, in the span Z) 

y = A (1 + 2n - fc*) (10) 

and (for any point x — kk in the span Zi), 

y = *2 + (11) 

Both formulas yield y = 1 over the intermediate support (fc = 1). 

The elastic curve for the intermediate reaction B may also be scaled 
from simple-beam deflection graphs, such as those published by Chas. A. 
Ellis in Engineering Record, Jan. 15, 1916 (see also volume in this series 
entitled “Structural Members and Connections”)- 

The ordinates of the elastic curve for the end-reaction A (correspond- 
ing to B'ig. 14) will be (for any point x = kl in the span 1), 

k — k’^ /•los 

y_l fc 2n + 2 

and (for any point x =* kk in the span Zj), 

y - - 2 » + 

At the end A, {k =» 0), the first of these equations yields a reaction influ- 
ence ordinate, y *■ 1; at the intermediate support B, (& ■» 1), both equa- 
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tions yield a reaction influence ordinate, y = 0; and, at the end C, 
(fc =0), the second equation yields a reaction influence ordinate, 2/ = 0. 
The elastic curve is of the same form as Fig. 14, with positive ordinates 
in the first span and negative ordinates in the second. It may also be 
obtained from the intermediate reaction curve by scaling the ordinates 
from the secant B-C as indicated in Fig. 13. 



Plate I. — Two-span continuous beam (Constant I). Elastic curve for end-reaction 
{n — ratio of second span to first span). 


The equations (10 to 13, inclusive) for two unequal spans reduce to 
the simpler equations (1 to 3, inclusive) for two equal spans, by simply 
substituting n = 1. 

The ordinates of the elastic curve, for different values of n, are given 
in Plate I and Table 7. 
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21. Reactions for Two Continuous Spans. — ^For convenience of refer- 
ence, the following table (Table 3) is inserted, giving the values of the 
three reactions of a two-span continuous girder for various cases of load- 
ing The values expressed in Table 3 are obtained from the equations of 
the elastic curves derived above (Eqs. 1 to 3, 10 to 13). 

Table 3. — Reactions for Two Continuous Spans (Assuming 7 ~ Constant) 


Cond 'ihon ctFLoadirig 

l/~nl 

Neaciions 

a-*kl 

f^A 

Ra 

Rb 

Be 

j-a— 



^(l+Zrt-k^)P 





i(4-5k*t^)P 




{-Cz-3k*l^)P 

kC3-k^)P 

Same as Ba 

1 


t^(3-k)P 

Cz-3k%k^)P 

Same as Ba 




(t k k(2~k^)\yj 


kf2~k3) 



SaO^n) ^ 

BKimmiiiKSttuH 




kf4’‘4k+k^) yj 


C 



(dnO+n) ^ 

nnuiiiiiii wf/Q, 


f^(K-IOk+k^)W 

^(e-kVw 

(Z-k^)W 




y4+4k-kVw 

lQ%.4kW)n 

-fr (4~4k+k‘)W 




{i~ 8f/+'7.) 


^ w 


SnO’f-rj) * 
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22. Moments and Shears for Two Unequal Spans. — For a continuous 
beam of two unequal spans, the moment and shear influence diagrams are 
constructed upon the elastic curve as a foundation in the same manner 
as for two equal spans (Figs. 15 and 16). 

Except for the sections near the intermediate support (between 
the fixed pK)int” and the support), the fib:*st span must be fully loaded 
for maximum positive bending moment, and the second span must be 
fully loaded for maximum negative bending moment. The resulting 
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values at a section distant a from the left end (for a uniform load w) 
will be, 


Max.M = t«a[-^ 8( 1+ J 

(14) 

Mm.M^ ^“•8(l+n) 

(15) 

Total M — wa[g(3 + n — w*) — 

(16) 


These formulas reduce to the simpler ones, Eqs. (4) to (6), when n = 1. 

For maximum and minimum shears at any section, distant a = kl 
from the left end, the load must be placed as indicated in the shear influ- 
ence diagram. Fig. 16. The resulting values (for a uniform load w) 
will be: 

Ma*. r = (1 - «>[4 - (17) 

Min. 7 = - (6fc* + 4nfc2 + n® - (18) 

Total 7 = (3 + n - n* - 8h)j (19) 

These formulas reduce to the simpler ones, Eqs. (7) to (9), when n = 1. 

23. Elastic Curve for Variable I.— For preliminary or approximate 
designs, it is sufficiently accurate to apply the formulas and values given 
in the preceding pages, based on the assumption of a constant moment of 
inertia. For final, exact designs, it is desirable to take into account the 
variation in moment of inertia. 

The elastic curve will differ somewhat from the elastic curve for 
constant 7. It may be constructed as follows: 

First, tabulate or plat the bending moments M produced in the beam 
ABC (supported at B and C) by a unit force applied at A (Fig. 17a). 

Second, tabulate or plat the resulting values of Jlf -f- 7 throughout 
the beam ABC (Fig. 17&). 

Third, consider the beam ABC as fixed at A and hinged at B and C, 
and loaded throughout its length with the ^^elastic weights,'^ il7 -r- 7; 
the resulting bending moment curve (Fig. 17c) is the desired elastic curve. 

The moment curve, Fig. 17c, may be obtained graphically, as the 
M 

funicular polygon for the -j loading; or analytically, by tabular summa- 
tion of shears. (The equation of the curve may also be found by calculus 
if the value of 7 can be expressed as a function of x.) 

After the elastic curve. Fig. 17c, is obtained by any of the foregoing 
methods, its ordinates must be scaled down so that the end-ordinate at 
A equals unity. The ordinates at B and C are zero. 
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If the beam under elastic loading, Fig. 176, is regarded as a simple 
span supported at A and C, the resulting bending moment diagram 
will be the elastic curve for the intermediate reaction B, similar to Fig. 
13- The ordinates of this curve, measured from the chord B-C, will also 
give the elastic curve for the end-reaction A, similar to Fig. 17c- 

It should be noted that in all constructions and applications of 
elastic curves, ratios and not absolute valu^ are required. The ordinate 
over the reaction under consideration is always called unity, and the 
other ordinates are scaled down accordingly. 



(0) Moment Dwigrom for Unit Load dA 



(b) Continuous Beam Loaded with Elastic W^iqhts 



(c) Elastic Curve for Continuous Girder with Variable X 
Fiq. 17.^ — Construction of elastic curve for variable I. 


24. Special Case — Triangular Variation of 7. — special case of 
variable I, recommended as a basis for preliminary or approximate design, 
is that of triangular variation, assuming the moment of inertia to vary 
as the ordinates of a triangle from zero at the ends to a maximum over 
the intermediate support. This assumption generally represents the 
actual variation of 7 in a two-span continuous truss about as well as 
the assumption of constant 7; moreover it yields results of striking 
simplicity. The elastic curves are parabolas, and other convenient 
relations obtain. 

Referring to Fig. 17a, it will be noted that, for this special case, M 
and 7 follow the same law of variation, so that if -f- 7 will be constant 
throughout. The curve of elastic loading, Fig. 176, consequently 
reduces to a horizontal line; and the elastic curve, Fig. 17c, will be simply 
the moment curve under uniform loading, and consequently a parabolic 


curve. 
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The ordinates of the elastic curve for tritingular variation of 1 will be, 
in the first and second spans, respectively, 

1 -I- n - k , 


and 


?/i 


1 “(~ w 
n' 

i + n 


(1 - k) 
(1 k)k 


(20) 

(21) 


where n is the span-ratio (h 1), anil k is the position-ratio (z -f- I, or 
Ti -5- h). The curve represented l)y Kips. (20) and (21) is a parabola. 

If the two spans are equal (n = 1), tlie fori'Koinj!: equations reduce 


to 

y = l-MA+>2A-'^ (22) 

and 

2/1 = - m ( 2 «) 

The elastic curve platted with these ordinati's is shown in I'^ig. 18. This 
curve is the influence line for reactions at d . 



The elastic curve for reactions at li will lx? simply a parabola with 
unit ordinate at B (Fig. 19). 

The intercepts measured from the chord li-C in Pig. 19 (diviiled by 
2.00) will give the elastic curve for reaction A (Pig. 18). 

For a uniform load wl covering the first span, the reactions will Ix-i: 

A = H^wl, B = %iol, C ^ 

For a uniform load 2wl covering both spans, the reactions will bo: 

A = }iwl, B = %wl, C *» 

Upon the elastic curve, Fig. 18, the influence diagrams for moments 
and shears may be drawn exactly as in Figs. 15 and 10. 

For all sections up to the “fixed point” (k = ^3), the first span must 
be fully loaded for maximum positive bending moment, and the second 
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span naust be fully loaded for maximum negative bending moment. The 
resulting values will be: 

Max. M = wa{^ - |) (24) 

Min. M — — (25) 

Total M = toa(^Z - “) (26) 


(Compare with Eqs. (4), (5) and (6)). 



Fia. lU. — Elastic curve for middle reaction — Two e<iuul npans with triangular variatifju 

of J. 

The bending moment over the middle support B will always bo 
negative, with a maximum value of Total Mb = — 

For maximum positive shear at any section S (distant a hi from 
the end A), load the span-segment SB; for maximum negative shear, load 
the segment AS and the span BC. The resulting values will be: 

Max. V = wliXi -h-\-%¥ - H¥) (27) 

Min. F = - wlilU -f - Hh^) • (28) 

Total V = wlQ4 - h) (29) 

(Compare with Eqs. (7), (8) and (9)). 

For this special case of two equal spans with triangular variation of J, 
the general form (for variable I) of the well-known “Theorem of Three 
Moments” reduces to the following simple expression for the moment 
over the middle support: 


Mb “ 3’^2ildr, 


(30) 
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where M is the simple-beam bending moment produced by each con- 
centrated load (or element of uniform load) at its own point of application. 

PI 

Thus, for a single load P at the middle of either span, M « ^ and, 
PI 

accordingly, Mb - g ; consequently the farther end-reaction will be 

the nearer end-reaction will be HP, and the middle reaction will 

be H P' (Compare Figs. 18 and 19). 

For application to uniform loads, Eq. (30) is more conveniently 
written: 

Mb^ - ]{A, -h At) (31) 

where Ai is the area of the simplo-boam moment diagram in one span, 
and At is the area in the other span. Thus, load covering one span 
produces a parabolic moment diagram with maximum ordinate 
and area Ai — Eq. (31) then yields Af« *■ —H'z'voP, so that the 

farther end-reaction must be — Load cov<‘riiig both spans pro- 

duces, Total Mb = — 

If the spans are unequal, Eq. (31) must bo written; 


Mb ^ At) (32) 

Load covering span I produces Mb =■ — ' 

In any case, when Mb is known, the end-reactions (A and C) are 
easily found by taking moments from each end about li; and the inter- 
mediate reaction will be the total load minus (.4 ■+• C). 

26. Elastic Curve for a Continuous Truss. — In the design of a con- 
tinuous truss, approximate values of the chord sections n»ay first bo 
determined on the basis of a preliminary analysis, assuming either con- 
stant I or triangular variation of I (employing the corresponding elastic 
curve. Fig. 14 or Fig. 18). With the chord sections thus found, a more 
exact elastic curve may then be constructed as follows: 

To construct the elastic curve for the reaction A (Fig. 20c), consider 
a unit load applied at A and proceed to find the dcfioctions at the various 


panel points of the structure. This may be done graphically using a 
force polygon to get the stresses in the members and then combining 
the resulting strains in a Williot displacement diagram to obtain the deflec- 
tions. The graph of these deflections, scaled down to a unit ordinate at A, 
is the desired elastic curve (Fig. 20c). 


Instead of employing the Williot diagram to get the deflections, 
an analytical procedure proves more expeditious. For this purpose we 
apply the principle that the deflection curve for any structure is identical 
with the moment diagram obtained by applying the angle-changes w 
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as “elastic weights” at the respective panel points of the structure. 
(For a demonstration of this principle, see the writer’s article, Elastic 
Curve Applied to the Design of the Sciotoville Bridge: Engineering 
Record, Aug. 28, 1915). 



(b) Clastic Weights 

(tonsidereol as Acting on Two-Hinged Seam) 
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(c) Elastic Curve 

(Obtained as the Moment Diagram of the Elastic Weights) 
Fro. 20. — Construction of elastic ourvo for Sciotoville Bridge. 


If the contribution of the web-stresses to the deflections is neglected 
the angle-changes w (measured in radians) are very simply figured by the 
formula: 



(33) 


where Ac is the elongation (or compression) in each chord member, due 
to unit A, and r is the lever-arm of the member about its center of 
moments (Pig. 20a). 

For greater precision (in the final design), the effect of the web mem- 
bers (in a Warren system) is included by using the formula: 


. (A'c - A'di - A'dj) 
«> = ± h 


(34) 


where A'c is the elongation of the chord member multiplied by the secant 
of its inclination to the horizontal, A'di and A'da are the elongations oi 
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the two web members multiplied by the secants of their respective inclina- 
tions to the horizontal, and h is the vertical altitude of the triangle 
formed by c, d\, and di (Fig. 20a). In this formula, the plus sign is used 
for angle-changes at the upper panel points, and the minus sign for angle- 
changes at the lower panel points; elongations are taken as positive and 
compressions as negative. (For a demonstration of Eq. (34), see the 
writer’s article. Truss Deflections Accurately Determined by Angle- 
changes and Elastic Weights: Engineering Record, May 13 and 20, 1916. 
The "elastic weight” w given by this formula represents, for each panel 
point, the angle-change between the two web members plus a eoiTcction 
for the line-changes in these two web members.) 

The values thus found for the angle-changes w between the two web 
members meeting at each panel point are then treated as “elastic weights” 
applied at the respective panel points. In order to get zero moments at 
B and C, the beam A-C (with reactions at A and C) is considered hinged 
at B and at C but anchored at A (Fig. 20b). The moment diagram is 
found either by calculation of moments or by construction as a funicular 
polygon for the “ weights ” w. The ordinates of the resulting polygon are 
then all reduced in a uniform ratio to make the initial ordinate scale 
unity. We then have the elastic curve of the structure, or influence line 
for the end-reaction A (Fig. 20c). The curve shows that the reaction 
A changes sign as the load passes the middle pier. 

26. Example — ^Application of Method to Sciotoville Bridge.— -In 
order to illustrate the actual simplicity of the above-described method of 
design, the complete work for determining the elastic curve for the Bcioto- 
ville Bridge (Fig. 20) is given in the following two tables (Tables 4 and 5). 
Since ratios, not absolute values, are required, the labor is minimized by 
calling the length of a panel unity, E = I, etc. 

In Table 4, the bending moments M produced by a unit load at A are 
simply the distances (in panels) to the respective centers of moments. 
Dividing the value of M by the corresponding lever arm r, we obtain the 
resulting stress S in each member. Multiplying this stress S by the 
length I, and dividing by the gross section of the member, wo obtain 
the resulting elongation. Multiplying each elongation (Al) by the secant 
of the inclination of the member to the horizontal, we obtain the terms 
A'l for the numerator of Eq. (34) ; grouping these terms in threes for each 
panel triangle, and dividing by the altitude A of that triangle, we obtain 
the desired elastic weight w for each panel point. 

In Table 5, the bending moments are determined for a two-hinged 
beam loaded with the elastic weights w (Fig. 206). A method of summa- 
tions is used as the most expeditious method of figuring the moments. 
In this method, after figuring the simple-beam reaction (-502.4) at the 
free end C, all the shears are obtained therefrom by successive addition 
of the panel loads, and the moments are then obtained bv aueftesHivA 
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Tabus 4. — Calculation of Elastic Weights (Sciotovillb Bridge) 
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Table 5. — Calculation op Elastic Curve (Sciotoville Bridge) 
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summation of the shears. Ordinarily, the results would have to be 
multiplied by the panel length to give the true moments, but in the 
present case this factor is unity and the operation otherwise unnecessary 
(since only ratios are required). Dividing all of the moments by the 
value at A (in order to make the initial ordinate unity), we obtain the 
ordinates of the elastic curve (Fig. 20c). 

The final results, in the last column, afford an excellent check upon all 
the computations in Table 5, in the fact that the ordinates taken in pairs 
for corresponding panel points of the two spans give arithmetical sums of 
exactly 1.0, 0.9, 0.8, and so on to 0.0 This necessary relation arises from 
the fact that the ordinates of the elastic curve (Fig. 20c), measured from 
the chord A-C, are symmetrical about the center line; so that the vertical 
intercepts between the segment A-B of the elastic curve and its ehord must 
be identical with the corresponding intercepts of the segment B-C. 

The entire work of figuring the elastic curve by the foregoing method, 
as illustrated in Tables 4 and 5, is a matter of only 2 or 3 hr. at 
the most.' After the elastic curve (Fig. 20c) is determined, the remainder 
of the design is essentially the same as for a simple structure. 

27. Comparison of Elastic Curves for Different Assumptions. — ^The 
exact method outlined above (developed by the writer for the design of 
the Sciotoville Bridge) is the one to be used for the final computation of 
important structures. For less important or preliminary designs, simpler 
approximate methods may be used. 

In the case of the Sciotoville Bridge, three successive designs were 
made; (1) Preliminary design (approximate); the truss was treated as 
a beam with constant moment of inertia. (2) The above-outlined method 
was used, but with the influence of the web members neglected, employ- 
ing Eq. (33). (3) Final design (exact); the effect of all the members was 
included, employing Eq. (34) as shown in Tables 4 and 5. 

For the first approximation (assuming I = constant), the ordinates 
of the elastic curve (Fig. 14) are given directly by the general Eq. (2). 
The sections obtained in this approximation are used as a basis for the 
succeeding designs. The elastic ordinates for the three assumptions, 
also for the assumption of triangular variation of I (Eq. 22, Fig. 18), are 
compared in Table 6. 

The ordinates for only one-half of the elastic curve are listed in 
Table 6, as those for the other span are quickly obtainable by the check 
method explained above, i.e., by subtracting the given ordinates of the 
curve from those of the chord A-B. The above table is useful, inasmuch 
as its values can be adopted for the preliminary designs of other struc- 
tures, thereby saving considerable time and labor. For a structure 
similar in general outline to the Sciotoville Bridge, the values in column 
(3) should be used. For girders and trusses with parallel chords, the 
values in column (1) would be a closer approximation. 
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Table 6. — Comparison of Elastic Curves (Sciotovillb Bridge) 
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A comparison of the areas of the three elastic curves, as given in 
Table 6, indicates that the results of the first assumption may be in 
error by +2 to —10 per cent, and those of the second approximation 
by —1 to +4 per cent. In lateral systems, where the web members 
have relatively small sections, the error of neglecting these members 
may be much greater; on the other hand, the great uncertainty of lateral 
forces does not warrant a refined calculation of lateral stresses. For 
important structures, however, the writer recommends the use of the 
exact method (3), as the greater reliability of the results is easily worth 
the slight additional work required. 

28. Influence Diagrams for Continuous Trusses. — ^After the elastic 
curve (Fig. 20c) is platted to any convenient scale, the influence, 
lines for all the members of the truss are simply constructed 
by drawing straight lines across the curve, as illustrated in Fig. 21. A 
single platting of the curve is therefore sufficient for the entire design. 
The various influence lines are drawn and used in the same manner as for 
a simple truss, with the single difference that the elastic curve replaces 
the straight line A-B which would ordinarily represent the influence line 
for the end-reaction. 

29. Determination of Live Load Stresses. — ^The above-described 
influence diagrams can be applied to the determination of maximum 
live load stresses by the customary procedure of trying different positions 
of the specified train-loading, and comparing the sums of the products 
obtained by multiplying the scaled ordinates by the respective wheel- 
loads. To facilitate and expedite this operation, the writer has invented 
two devices. The first is a double scale of wheel loads and spacings on 
a paper strip which is applied to the influence diagram to determine 
directly the critical load position. The second device (independently 
invented by 0. H. Ammann and by the writer) is a tracing of wheel 
load scales which is superimposed on the influence diagram to give directly 
the products of ordinates by wheel loads. Both of these devices are 
described in an article b 3 ^ the writer, entitled Two Time-savers for Use with 
Influence Lines: Engineering Record, April 24, 1915. 

In the design of the Sciotoville Bridge, a great economy of time and 
effort was effected by the use of equivalent uniform loads. These were 
given directly by a formula invented by the writer and published in an 
article Equivalent Uniform Loads for Long Span Bridges: 

N ews, Feb. 25, 1915. For shorter spans, the values may be taken directly 
from a chart, invented by the writer, giving the exact equivalent uniform 
load for any point of any span. (Chart of equivalent uniform loads for 
railway bridges: Engineering News, April 22, 1915; ''American Civil 
Engineer’s Handbook,” p. 853, 1920; "Lefax,” No. 10-348, September 
1920; Proceedings Amer. Soc. C. E., May, 1922.) The uniform load 
value given by formula or chart is simply multiplied by the corresponding 
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influence area, to give the maximum stress in any member of the structure. 
For extreme precision, a correction may be made for the curvature of the 
influence lines, as described in the writer’s article. Equivalent Uniform 
Loads for Indeterminate Structures: Engineering News-Record, Aug. 1, 
1918; but this correction will rarely exceed 1 to 2 per cent. 

30. Determination, of Dead Load Stresses. — For dead load stresses, 
all the panel dead loads are multiplied by the respective ordinates of 
the elastic curve, and the algebraic sum of the products constitutes 
the end-reaction. This determined, the stresses are figured exactly as 
in a simple truss, using the method of summations for shears and 
moments. 

After the details for all connections are worked out, a final adjustment 
of sections is made for the actual dead load weights determined from the 
detail drawinp. On the close agreement of these actual weights and 
sections with the values initially assumed depends, to a great extent, the 
efficient solution of the design. In the case of the SciotoviUe Biidge, a 
calculation of the weight from the final shop drawings showed the 
assumed weight to be 3 per cent in excess and, therefore, no re-design 
was made. 

31. Bridges Continuous over Three Spans.— The three-span bridge 
merits detailed consideration, as it will be a common type. Where a 
crossing requires a larger number of spans, it will generally be found 
desirable to interrupt the continuity at every third pier. 

The first step in the analysis of a three-span continuous bridge is 
the construction of the elastic curves, or influence lines, for the reactions. 

32. Elastic Curves for Three-span Continuous Bridge. — ^In general, 
the influence line for the reaction at any support of a continuous bridge 
is simply the elastic curve produced by removing that support and apply- 
ing a concentrated load to give the point a unit vertical displacement 
(see the writer’s article. Influence Lines as Deflection Diagrams: Engineer- 
ing Record, Nov. 25, 1916). 

In the case of a three-span continuous bridge, the elastic curve is 
best obtained by the synthesis of two simpler deflection diagrams. 
Thus, let it be required to construct the influence diagram for inter- 
mediate reactions in a three-span girder or truss, AMNB, Fig. 22. 

First consider both supports M and N removed, and a unit load 
applied at Af; the resulting elastic curve (drawn to any convenient scale) 
is APXB. Next, to restore X to its original position, a reaction is 
evoked at N. A force at this point would produce an elastic curve 
AQXB shown in dotted lines; this curve is reduced in scale so as to have 
the same ordinate as the first curve at X. The differences between the 
ordinates of the two curves give the ordinates of the desired influence 
line or elastic curve, ARNB. This is platted to a scale making the ordi- 
nate at R equal to unity. 
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It may be noted from the influence line in Fig. 22 that any loads in 
the contiguous spans will give positive contributions to the reaction 
i?, and any loads in the non-contiguous span will give negative 
contributions. 

The elastic curve for the end-reaction may be constructed in a similar 
manner as shown in Fig. 23a. 

In this case, the supports A and N are considered removed. A load 
applied at A produces the deflection curve PMXB (drawn to any scale). 
A load applied at N produces the deflection curve QMXB (drawn to 



Pig. 22. — Three-span continuous girder. Construction of elastic curve for intermediate 

reaction. 


reduced scale so as to have the same ordinate as the first curve at X). 
The intercepts between the two curves give the ordinates of the desired 
elastic curve RMNB (drawn to scale giving unit end-ordinate). It may 
be noted from this influence line (Fig. 23a) that any loads in the end 
spans give positive contributions to the reaction R, and any loads in 
the middle span give negative contributions. 

When the spans are symmetrical, it will be simpler to use the con- 
struction shown in Fig. 236. In this case, the end supports A and B 
are considered removed. A load applied at A produces the deflection 
curve PMNQ (drawn to any scale). A load applied at B produces the 
similar deflection curve TNMS (drawn to any scale). After multi- 
plying the ordinates of either curve by a constant factor to make BT 
equal to BQ, the differences between corresponding ordinates of the two 
curves will give the ordinates of the desired elastic curve RMNB 
(drawn to a scale giving unit end-ordinate). 
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p 



Fig, 23a. — Throo-span continuous girder. Construction of clastic curve for end reaction. 

(First method) . 


p 



FiQi Three-span continuous girder. Construction of elastic curve for end reaotion. 

(Second method)* 
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The component curves in Figs. 22, 23a, and 236, are identical witi 
the elastic curves of two-span continuous girders, and may be calculatec 
or platted by the methods described in the preceding pages. If the 
moment of inertia, J, is assumed constant, each component curve oi 
Fig. 22 is obtained by regarding the girder as a two-span beam anc 
applying Eqs. (10) and (11); the same equations also give thecomponeni 
curve QMXB of Fig. 23a (the portion QM being a tangent); and the 
other component curves of Figs. 23a and 236 are given by Eqs. (12) anc 
(13). In Fig. 236 the portions NQ and MS are tangents. 

The resultant curves, as well as the component curves, in Figs. 2S 
and 23 may also be obtained approximately by the mechanical method O] 
bending splines under the described conditions of support and loading 



Fig. 24. — Three-span continuous girder with constant I. Construction of elastic curve fo 
end reaction. (Using fixed point F ) . 


A simple, direct method of constructing the elastic curve for a three 
span continuous girder (with constant I) is illustrated in Fig. 24. I] 
this method we make use of a “fixed point” F in the middle span. Th 
distance of F from che support C is given by 



3 + 2 


h 

h 


(35 


(See Art. 38 on “Fixed Points in Continuous Spans.” Compare Ec 
.(47).) 

When the end support A is removed and a concentrated load substi 
tuted (Fig. 24a), the resulting moment diagram will be as shown in Fij 
24h. (Absolute values are not required.) The diagram passes throug 
F, since F is a point of contraflexure (or zero bending moment) for any loa 
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to the left of B. Treating the area of this moment diagram (Fig. 246) 
as a loading diagram, the resulting funicular polygon or moment dia- 
gram Fig. 24c will be the desired deflection diagram or elastic curve. 
The end ordinate is called unity. 

33. Symmetrical Three-span Continuous Girders.— The common 
case of three-span continuous bridges is that of equal end-spans. For 
this case, if Z is constant, the equations of the elastic curve for the end 

Table 7. — Obdinates op Elastic Cubve fob End Reaction, Two Unequal Spans 
(/ =: Constant) (n = Ratio op Second Span to First Span) 


A 

n - o.s 

/7 » 0.6 

/7«0.e7 

tf ^0.7S 

n^o.8 

n - i.o 

n-/.s 

n-2.0 


0 

J.OOO 

/.ooo 

1.000 

/.OOO 

/.ooo 

/.OOO 

/.OOO' 

/.ooo 


OJ 

0867 

0.869 

0.870 

0.872 

0.8 73 

0873 

0.880 

0.884 


a2 

0736 

0.740 

0.743 

0.74 S 

0747 

0.7S2 

0.162 

0.768 


03 

0.603 

0.6/S 

0.6/8 

0.672 

0.G24 

0632 

0.64S 

0.634 


0.4 

0.488 

0.49S 

0.S00 

0.S04 

0.S07 

O.S/6 

0.S33 

Q,S44 

(A^ 

0.S 

0.Z7S 

0,383 

0.388 

0.393 

0.396 

0,406 

Q.4BS 

0.43 8 


0.6 

0272 

0.260 

0.2 8 S 

0290 

0.293 

0.304 

0323^ 

0.336 


0.7 

0.18/ 

0./88 

0./93 

0./98 

0.20/ 

0,2// 

0229 

0.24/ 

.5 

0.8 

0.104 

o./io 

0.//4 

0.//8 

b./zo 

0/28 

0/42 

0./32 


0,9 

0 043 

0.046 

0.049 

0.0 S/ 

0.0S2 

O.OS7 

0.066 

0.072 

Ni 

1.0 

0 

0 

0 

0 

0 

0 

0 

0 



0.4 h 

0.422 

0.42S 

0.42$ 

0.43/ 

0438 

0430 

0.438 


LO 

0 

O 

0 

0 

0 

0 

0 

0 


0.9 

- 0.0/4 

- 0.0/9 

- 0.023 

- 0.028 

« 0030 

- 0.043 

— 0077 

-0/14 


0.8 

- 0.024 

- 0.032 

- 0.038 

- 0.046 

^ 0.0S/ 

-0.07? 

- 0./30 

- 0/92 


0.7 

- 0.030 

- 0.040 i 

0.048 ' 

- 0.0S7 

0.063 

- 0.089 

0./60 

-0238 


0,9 

0.032 

- 0.043 

- 0.0S/ 

- 0.062 

- 0.068 

- 0.096 

« 0/73 

- 0.236 


0.S 

- 003/ 

- 0.042 

~ O.OSO 

- 0.060 

- 0.067 

- 0.094 

0./69. 

0.230 


0.4 

- 0.028 

- 0.038 

- 0,Q4S 

- 0.0S4 

«. 0.060 

- 0.084 

- 0./S/ 

- 0224 


03 

- 0.023 

- 003/ 

0.036 

- 0.044 

^0.048 

- 0.068 

Q./23 

- 0/82 

L 

0,2 

— 0.0/& 

^ 0.022 : 

« 0026 

- 0.03/ 

- 0.034 

- 0048 

- 0.086 

r 0./28' 


O.l 

— o.ooe 

0.0// 

^ 0.0/3 

- o . o / e - 

- 0. 0/ 8 

- 0.02.S 

- 0.043 j 

- 0.066 

CO 

0 

0 

0 

0 

0 

0 

0 

0 \ 

0 


El 

- 0.02/ 

- 0.028 

- 0.033 

— 0.040 

0, 044 \ 

- 0.063 

- 0. // J 1 

-a/67 


eraction (Figs. 23a, 236, 24) will be (in the first, second and third spans, 
respectively) 


y = l-k- ^4^(fc - k») (36) 

77b 

y = - ~[(2 + 2n)(2k - 3fc* + ft") - n(fc - ¥)] (37) 


Where 


y = ^-(k - k^) 

m 


n = the length-ratio of middle span to end span = 

k = the position-ratio in any span =■ ^ or y 
m = (2 -h n)(2 ■+■ 3n) = 4 -f- 8ra -f 3n® 


(39) 


The elastic curvci (Fig. 24c) may be platted directly from these 
Eqs. (30) to (38). 

The ordinates of the resulting elastic curve (or influence ordinates for 
Ri), for different ratios of middle-span to end-spans, are given in Plate II 
10 
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and Table 8^. The areas of the elastic curve for each span, obtained by 
summation, are also given in the table, and can be used for figuring the 
effects of full-span loads. 



Plate II. — Three-span continuous beam. (Symmetrical spans, constant I). Elastic 
curve for end-reaction, (n = ratio of middle span to end spans). 


For the same case of symmetrical span with constant 7, the equations 
of the elastic curve for the second reaction (Fig. 22) will be (in the first, 
second, and third spans, respectively) 


y = k + 


(1 + 2n) 
n(2 + Zn) 


(k - k^) 


(40) 


2 / = 1 - + -[(2n + 2n^){2k - Zk^ + k^) - n^k - fc») + 

(2 -I- 3n)(fc - 2fcs)] (41) 


y = 


1 + n 
n(2 -f- 3n) 


(k - k^) 


(42) 


The elastic ciurve (Fig. 22) may be platted directly from these Eqs. 
(40) to (42). 
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The ordinates of the resulting elastic curve (or influence ordinates for 
for various ratios of middle-span to end-spans, are given in Plate III 
and Table 85. The areas of the elastic curve for each span, obtained 
by summation, are also given in the table, and can be used for figuring 
the effects of full-span loads. 


Table BA. — Ordinates of Elastic Curve for End Reaction, Symmetrical 
Three-span Continuous Girder (J = Constant) (n = Ratio of 
Middle Span to End Span) 


k 

Hr 10 

n-7.2S 

n ■= 7.33 

n =7.5 

n^/.7s 

n-»2.o 


0 

-h hOOO 

4 7.000 

4 l.OOO 

4 7.000 

4 7.000 

4 /.OQQ 


OJ 

4-0.874 

0.876 

4 0.877 

4-0878 

4 0.880 

4 0882 


0.2 

■^0.749 

+ 0.754 

4 0.7 SS 

+ 0.758 

4 0.76/ 

4 0.764 


0.3 

4-0.627 

-t- 0.634 

4 0.636 

i-a64o 

4 0. 644 

4 0.649 


0.4 

^O.SN 

4- O.S/9 

4 0.522 

+- 0.S26 

4 0.53/ 

4 O.S37 


0.S 

+ 0.4 00 

4 0.470 

4 0.472 

-h 0.4/8 

4 0.423 

4 0.430 

Ss 


0.Z9S 

0.308 

4 0.3/Q 

-h 0.376 

4 0.32/ 

4 0.328 


0.1 

-H O.ZOS 

4 0.2/4 

4 0.2/7 

4 0.222 

4 0.227 

4 0.233 


0.8 

4- 0.724 

4 0. 737 

+ 0./33 

+ 0./S7 

4 0.74/ 

4 0.746 


0.9 

4- 0.0S4 

4 a OS9 

4 0.Q6O 

4 0.062 

4 0.065 

4 0.068 


1.0 

0 

0 

0 

0 

0 

0 


Area 

+ 0.433 

-f- O.440 

4 0,442 \ 

4 0.445 

4 0.449 

4 0.453 


0 

0 

0 

0 

0 

O 

O 


0.1 

~ 0,037 

— O.OS4 

— 0. 059 

- 0.070 

« 0.086 

0.-704 


0.2 

_ 0.0 64 

^ 0.088 

— 0.097 

- 0.774 

- 0.74/ 

— 0./68 


03 

- 0.077 

— 0.106 

— 0.7/ G 

- 0.7 36 

- 0. 768 

- 0.200 


0.4 

— 0.060 

— 0.7 OS 

- 0.720 

- 0.738 

- 0.J72 

- 0.204 


Q.S 

— 0.075 

— 0.702 

- 0.77/ 

- 0. 730 

- 0./59 

- 0. 788 

•>5 

0.8 

— 0.064 

— 0.086 I 

— 0.094 

- 0. 709 

- 0. 732 

- 0. 756 


0.7 

— 0.049 

- 0.06S 

— 0.07/ 

- 0.082 

- 0.098 

- 0.//4 


0.8 

-0.032 

- 0.042 

— 0.04S 

- 0.05/ 

- 0.062 

- 0.Q7Z 

‘O 

0.9 

-.-O.O/S 

— 0.0/9 

- 0.02/ 

— 0.024 

- 0. 027 

- 0.03/ 


hO 

0 

0 

0 

0 

0 

O 


Area 

— 0.050 

- 0.068 

— 0.074 

- 0.086 

— 0./06 

- 0./25 


1.0 

0 

0 

O 

0 

O 

O 


0.9 

+ 0.077 

4 0.077 

^ 0.0// 

+ 0.077 

4 0.07/ 

4 0.0/7 


0.8 

4- 0.079 

4 0. 0/9 

4 0.0/9 

4 a 0/9 

4 0.0/3 

4 0.0/8 


07 

+ 0.024- 

4 0.024 

-f- 0.024 

4 0. 024 

4 0.023 

4 0-022 

§ 

0.8 

4 0.026 

4 0. 026 

0.026 

4 0. 025 

4 0.025 

4 0.024 


O.S 

4-0.025 

4 0.025 

4 0.025 

4-0.025 

4 0.024 

4 0.023 


0.4 

-h' 0.022 

-t 0. 022 

4 0.022 

-j- 0.022 

4 0.022 

4 0.02/ 


0.3 

0.078 

-h 0.0/8 

-h 0.078 

4 0.0/8 

4 0.0/8 

4 0.0/7 


0.2 

4 0.073 

4 0. 0/3 

-h 0.073 

4 0.0/3 

4 0.0/2 

f 0.0/2 

K 

0.7 

+ 0. 007 

^ 0. 007 

4 0.007 

4 0.006 

4 0.006 

4 0.006 


0 

0 

0 

0 

0 

0 

0 


4rea 

40.017 

4-0,017 

4 0.0/7 

4 0.0/6 

4 a 076 

4 0.0/6 


With the aid of the elastic curves defined by the foregoing Eqs. (36) 
to (42), inclusive, we may obtain the reactions for various conditions of 
loading. Expressions for these reactions are compiled in Table 9. 

It will be noted that the function (ft — k^) is of frequent occurrence in 
the formulas for continuous-span reactions; a simple tabulation of values 
of this function can be used to expedite continuous bridge computations. 
The same table will also give the function (2k — + k^), if (1— ft) is 
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used instead of k; and the difference between these two functions for any 
value of k, will give Qc - Zk^ + 2k^) which is the only roiruunixig function 
of (k) occurring in the reaction formulas (36) to (42) inclusive. 

Instead of applying the formulas, the reactions may also be figured 
directly from the influence ordinates given in Tables 3 A and 8B. 



Plate III. — Three-span continuous beam. (Symmetrical spans, ooniitant Z}* Klastic 
curve for intermediate reaction, (n - ratio of middle spa.n to end spans) . 


34. Influence Diagrams for Three-span Continuous Bridge. — For 
the end-spans, influence diagrams are constructed exactly as for two-span 
continuous bridges, namely, by drawing straight lines across the elastic 
curve, as illustrated in Figs. 16, 16 and 21. Typical influence diagrams 
for an end-span are shown in Fig. 25o. The diagram factor for the 
moment influence diagram, in Fig. 25a, is the reaction lever-arm a. The 
diagram factor for the shear influence diagram is unity. 
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The influence diagrams reverse in sign at each intermediate support, 
indicating that alternate spans must be loaded for maximum stress. 

For the middle-span, the problem is not so simple, as the expression 
for each stress involves Ri as well as Ri. The usual method of treatment 
is to construct an independent (curved) influence line for each member, 
the ordinates of these influence lines being figured from the values of R\ 
and Ri given by the respective elastic curves. 


Table SB. — Ordinates op Elastic Curve por Intermediate Reaction, 
Symmetrical Three-span Continuous Girder (7 = Constant) 

(n = Ratio op Middle Span to End Span) 


\J< 

n^/.o 

n*i.25 

n »t. 33 

n^/.s 

n^r.7S 

n^2.0 


0 

0 

0 

0 

0 

0 

o 


OJ 

4 0J59 

4 0.748 

4 0.745 

4 0.74/ 

4 0.735 

4- 0. 13/ 


0.2 

■1- 0.3/5 

40.293 

4- 0.288 

4 0.279 

4 0.268 

-^0260 


0.3 

4- 0.4Q4 

4 0.433 

4 0.425 

4 0.472 

4 0.307 

4 0.385 

£ 

0.4 

+ 0. 602 

4 0.563 

4 0.554 

4 0.538 

4 0.5/9 

4 0.505 

§ 

0.5 

^0.725 

4 0.682 

4 0.672 

4 0.654 

4 0.633 

+ 0.677 


o.e 

4 0.631 

4 0.787 

4 0.776 

4 0,758 

4 0.736 

^0.720 


0,7 

t 0.9/4 

^0.674 

4 0.864 

t 0.846 

-^^0827 

0.872 


0.8 

■h 0.973 

4 0.93$ 

4 0.932 

4 09/8 

4 0.902 

4 0.890 


0.9 

4 /.003 

4 0.933 

4 0.976 

4 0.970 

+ 056/ 

0.953 


1.0 

4 /.O 

4 /.O 

4 . 7,0 

4 7.0 

4 7.0 

4- 7.0 


Area 

■^0.650 

4 0.622 

4-0.675 

4 O.GOS 

-f^oses 

4 0,5i6 


0 

4 f.O 

4 /.O 

4 7.0 

4 7.0 

4 7.0 

4 7.0 


o.f 

4 0.963 

-h O.SSZ 

4 o.$68 

4 7.007 

4, 7-020 

4 7.04'0 


0.2 

4^0896 

4-0.926 

4 0.935 

4- 0.955 

4 0.986 

4 7.0/6 


0.3 

4-0.805 

4 " 0. 839 

4 0.650 

4 0.672 

4 0.007 

4 0.942 


0.4 

4 0.696 

4 0.72$ 

4 0.738 

4 0.760 

+ 0.795 

4 0.626 


0.5 

4 0.S7S 

4 0.602 

4 0.677 I 

4 0.630 

4 0.659 

4 0.668 


06 

4 0.448 

4 0.468 

4 0.475 i 

4 0.468 

4 0,570 

4 0.532 

§ 

07 

4 0.327 

4 0.333 

4 0.336 

4 0.346 

4 0.35$ 

4 0.373 


08 

+■ 0.200 

4- 0.204 

4 a-?06 

4 0.270 

4 0.278 

4 0.ZZ4 

<0 

0.9 

4 0. 090 

4-0.092 

4 0. 092 

4 0,094 

4 0.094 

4 0.095 


1.0 

0 

0 

0 

0 

0 

0 


Area 

4-0.550 

4-0.568 

4 0 574 

4 0566 

4 0,606 

4 0625 


J.O 

0 

0 

0 

0 

0 

0 


0.9 

- 0.068 

-0.054 

^ 0.050 

- 0.044 

- 0.037 

- 0,032 


0.8 

- a 775 

- 0,090 

- 0.084 

- 0.014 

- 0.062 

- 0,054 


0.7 

- 0. 143 

- 0. //2 

- 0. 704 

- 0.092 

- 0.077 

« 0.067 


0.6 

- 0.754 

- 0./20 

- 0,772 

- 0.096 

- 0.063 

- 0,072 

A 

0.S 

~ 0.150 

- 0.//7 

- 0. 709 

- 0.096 

- 0.067 

- 0.070 


04 

- 0. 134 

- 0, 705 

- 0,098 

- 0.086 

- 0.073 

- 0.063 

> 

0.3 

- 0.70$ 

- 0,066 

- Qoeo 

- 0.070 

-0.059 

- 0.057 


0.2 

-C2077 

- 0.060 

- 0.056 

~ 0.049 

- 0.042 

- 0.036 

R 

0.1 

- 0.040 

- 0,037 

- 0.029 

- 0,025 

- 0.022 

- 0.079 


0 

0 

0 

0 

0 

0 

0 


4rea\ 

-o./oo 

~ 0,076 

— 0.073 

- 0.064 

- 0.054 

- 0.047 


In order, however, to retain the advantage of employing the elastic 
curve as a foundation for all influence lines, and thereby to simplify the 
operation of finding maximum stresses, the writer has devised a method of 
“double influence lines” for treating the intermediate spans of bridges 
continuous over three or four spans. 
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36. The Method of Double Influence Lines. — This method is illus- 
trated (for the middle span of a three-span bridge) in Fig. 256. 

The elastic curves for the first and second reactions are used as a 
foundation. The elastic curve AECD (reproduced from Fig. 22) is the 
influence line for Es; and the elastic curve FBCD (reproduced from Figs. 


Table 9. — Reactions for Symmetrical Three-span Continuous Bridge (Assum- 
ing Constant I) 


Loading 


ReacHons 


m- 4- + 8 n-hSn 




tef 1^2 

t— /r? — 4— j 


\Ri\ 

I I 


_w*M. 

fiyf Wz 


*[ 7357373 *' 


R, = P(f-k) - l±^P(h.ltV 

** - 

Mz = - PM[(z+Sr,)(sk-3 kikV-n(k-kV] 

Ms = .£L^[fZ+2n) (k-k^J-n(2k^k%kW 
H, Rz. P(r-k) - M-Z-t MjijM 

R4 Rj = Pk - 

R, = Rs 

S -- f -/ OrTi -6 n ‘+ fr ^ 


Ps 


4(t*3n) 


R, 


3 i -7 rH -3 nZ ' 
^/77 

= J’i- Gn 

4n(2-hZn) 
/?j = [±t7^ 


4nC2’f‘SnJ 

R/f. * -P— wl 

Am 

p, 

P. 


wl 


R4 =-. 


4CZi-3n) 

■z = Rs = 


-wl 


4tZ+3n) 


23a, 236, or 24) is the influence line for Ri, By laying off the ordinates of 
the curve EC upon the curve BC, we obtain GC as an influence line for 

To obtain the influence diagram for shear in any panel ST of the second 
span, simply draw a straight line ST across the combined reaction curve 
6C, as shown in the figure. The areas of the resulting diagram represent 
shears for unit loading. 
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S € to 18 18 18 8 S 



(b) Web Stresses 
(Influence Diogrom for 


Fio. 25a. — Typical influonco diagrams for ond Hi>ans of a contimious bridge. 


E 



Muencs Dtogram for Momeot crtM 

Fro. 25b.— Influence method for intermediate span of a continuous bridge. 
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To obtain the influence diagram for bending moment at any point M 
of the second span, simply draw a straight line GM below the curve GC, as 
shown in the figure. For a unit load at any point P, the value of the 
bending moment at M will be 

M = ay I + lyi (43) 

where yi is the ordinate of the (Pi + Pa) diagram and y^ (which has a 
negative value) is the ordinate of the Pi curve. 


Table 10. — Bending Moments and Shears in Continuous Girder of Three 
Equal Spans. (Assuming Uniform /) 

r~‘ 


'p-J/ve load/ff^ 

i. 


.1 

(w= dead load/ff, ) 

Point 

Mox.M 

Min. M 

Total M 

Max. V 






pl^ 

wl^ 

pi 

pi 

wl 



0.000 

0,000 

0.000 

4- 0.4S0 

^O.OSO 

4-0.4 


0.1 

+ 0.040 

- o.oos 

+ 0.03S 

+-0.3S6 

- O.OS6 

4- 0.3 


0.2 

0.070 

- 0.0/0 

•+ 0.060 

+ 0.27S 
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In this manner, by simply using the two influence curves GC and BC, 
we avoid the necessity of constructing a different influence curve for each 
member of the span. If such influence lines are desired, however, they 
may be easily constructed from the last diagram in Fig. 26&, by subtrac- 
ting from the ordinates of GC, the ordinates of BC multiplied by — 
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The influence lines shown for the intermediate span BC in Fig. 256 
may be extended to cover loads in the other spans; but it will be more 
expeditious to treat the other spans as complete load-units, and to 
calculate independently their contributions to the desired stresses in 
span BC. 

36. Continuous Bridge of Three Eq^ual Spans. — ^For a continuous 
bridge of three equal spans (with constant 1), Eqs. (36) to (42) inclusive, 
and the expressions in Table 9 become considerably simplified by the 
substitution of n = 1 and m = 15. 

For load covering the first span, we find (from Table 9), 


Ri = = 0.4333wZ 

Ri = = 0.6500wZ 

Rz = -Kowi = -o.mowi 

Ri = Howl = 0.0167wZ 

For load covering the middle span, we find (from Table 9), 

Ri = Ri = -Howl = -o.omwi 
Ri — Rz = = 0.5500wl 

For load covering all three spans, we find (from Table 9), 

iJi = = Hwl = Q.mOwl 

Ri = Rz — ^Howl = l.lOOOwl 


(44) 

(45) 

(46) 


With the aid of the foregoing values of the reactions, we obtain 
the maximum moments and shears for a continuous bridge of three equal 
spans. These values are tabulated in Table 10. 

37. Multiple-span Continuous Girders. — Continuous girders of more 
than three or four spans may be treated by an extension of the principles 
employed in the preceding sections. 

If the spans are equal (and I is assumed constant), the governing 
values for full loading may be taken directly from Table 11. In this 
table 

Ri, Ri, ... = the reactions at the supports. 

Mi, Mz, . . . = the (negative) moments over the supports 
Max. Ml, Max. Mi, . . . = the greatest (positive) moments in the 

respective spans. 

Xt, Xi, ... = the distances of Max. Mi, Max. Mi, . . ., 
from the adjacent left supports. 
fhfi, . ■ • = the distances of the points of contraflexure 
from the adjacent left supports. 

I = the length of each span 
w = the uniform load per unit length 

Since all relations are symmetrical about the center line, the tabulated 
values are extended only to the mid-point. 



250 MOVABLE AND LONG-SPAN STEEL [Sec. 4-38 

As the number of spans is increased, all of the tabulated values for 
intermediate spans approach, as a limit, the correspo’^'^bng values for a 
single-span beam with fixed ends. The values for fcli-C spans corres- 
pond approximately (or exactly in the case of only three supports) to 
the respective values for a single-span beam with oao fixed. 

Table 11. — Contintjobs Girdbrs of Equal Spans (/ =“ Constant) (IjOADkb 
Uniformly over the Entire Lbngt'ii) 
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38. Fixed Points in Continuous Spans. — In any continuous girder 
(Fig. 26o), there are certain critical points which have useful properties 
in facilitating graphic methods and in indicating load placement for 
maximum stresses. These points, one in each end span and two in each 
intermediate span, are independent of the loading and are fixed in position 
in any given structure; hence they are called “fixed points.” 
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In a uniform continuous beam of two equal spans, the fixed points 
are located at 0.2Z from the middle support. In the case of three equal 
spans, the fixed point {Ri or Ls) in each end span is at 0.21Z, and the 
fixed points (Lz, Bi) in the middle span are at 0.2Z from the intermediate 


supports. 

For any three symmetrical spans (with constant I), the fixed points 
(Li, Bi) in the middle span will be distant from the nearest supports 


and the fixed points (Bi, Lz) in the outer spans will be near the inter- 
mediate supports at a distance 

where n is the ratio of middle span to end span, and m = (2 + n) (2 4- Zn ) . 



I'br the general case (any number of spans, any lengths, constant I), 
the fixed points may be located by certain graphic methods or, analyti- 
cally, as follows : The first L-point (Fig. 26a) will be Lj in the second span 
h; it will divide that span into two segments whose ratio is given by 

= rz = (49) 


In the next span, Lz is located by the segment-ratio 

DLz _ -I- H" ^3) 

CLz “ “ fz7i "Ij" 


(50) 


Repeating the operation represented by this equation, each successive 
value of r is figured from the preceding value, until all theL-points are 
determined. Commencing at the right end of the structure, and going 
through the same operation toward the left, all the 22-points are deter- 
mined in like manner. _ 

For any number of equal spans, the successive values of r by Eqs. 
(49) and (60) will be 4, 3.76, 3.733, 3.732, 3.732, . . . ; hence, all values 
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of f will be 0.21Z except the first and last (BLz and FRs, Fig- 26a) which 
will be 0.20i. 

The fixed points may also be located from the elastic curves; this is 
particularly convenient when I is variable. A tangent to the elastic 
curve at A (Fig. 14, 17, 18, 20, 23 or 24) will intersect the base in the 
first fiixed point. This will yield / = 0.2Z in the case of uniform I, Tig. 
14; / = 0.333Z in the case of triangular variation of Fig. 18; and / = 
0.194i in the case of the Sciotoville Bridge, Fig. 17. In a three-span 
girder. Fig. 256, the right fixed point in the middle span is located by the 
ratio of the slopes of the tangents at C to the two curves CB and CO. 

The outer supports may also be regarded as fixed points, so there 
will be two fixed points in each span. 

Designating the left fixed point in each span by Ff and the right fixed 
point by R, we may state the following useful principle (Fig. 266) : 

For any loading in any span, the resultant bending moment diagram 
will pass through the fixed points L of all spans to tlic left, and through 
the fixed pointe i? of all spans to the right. These “fixed points” are 
consequently points of zero bending moment, or fixed points of contra- 
flexure, for unloaded spans. 

Since the bending moment diagram in each unloaded span is a straight 
line passing through one of the fixed points, the location-ratio r of each 
fixed point determines the ratio between the bending moments M over 
the adjacent supports. All of these bending moments thus become 
known as soon as one is known. 

A corresponding analytical procedure for finding any of the 
moments directly is represented by Merriman’s general formulas for 
continuous girders (Merriman and Jacobt “Highor Structures,” p. 33, 
1905). 

39. General Rules for Loading Placement. — ^The placement of loading 
for maximum stresses is given by the following general rules: 

(1) For maximum positive bending moment at any section located 
between the two "fixed points” of any span, the load should cover that 
span and all alternate spans. For maximum negative bending moment, 
the given span and all alternate spans should be free from load. 

(2) For maximum positive bending moment at a section outside of 
the “fixed points ” of any span, a segment of the span including the section 
is loaded; the adjacent span, the remaining segment of the gven span, 
and all alternate spans should be free from load. For maximum negative 
bending moment, apply the opposite loading. 

(3) For maximum negative bending moment over any intermediate 
support, load the two adjoining spans and all alternate spans. The 
same loading also gives the maximum positive reaction at the support. 

(4) For maximum positive shear at any section of any span, load 
the span-segment to the right of the given section and all alternate spans 
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to the right; also load the left adjacent span and all alternate spans to 
the left. For maximum negative shear, apply the opposite loading. 

40. Effect of Settlement of Supports. — In a continuous beam of 
two equal spans Z, with constant I, the settlement of the middle support 
through a distance D will produce a relieving moment at that support 
defined by 

(51) 

The relief of the middle reaction will be 

(52) 


and each end reaction will be augmented by the amount 

Rx = Rz = -y- 


The settlement of both end supports through distances D, or of one 
end support through a distance 2D, will produce effects equal, but 
opposite in sign, to those defined by Eqs. (51), (52) and (53). 

If the spans are unequal, or if the moment of inertia I is variable, 
calculate the deflection d producible at the given support if that support 
were removed and a unit-load substituted. Then, a settlement D would 
produce an increase in that reaction defined by 

R = (54) 

This principle can be applied to a continuous bridge of more than two 
spans. 

In a symmetrical three-span bridge of constant I (sec Table 9), a 
settlement Di of the end support will produce, over the intermediate 
supports, bending moments defined by 

(55) 


The accompanying changes in the four reactions are easily figured from 
these values of ikfa and Ms. If the three spans are equal, the reaction- 
changes will be: 

T> T> T> !> I I ® /efrN 

jfCi, ita, its, iCi = T ~ i5’ ^ \oi) 

For a settlement Di of the second support, the resulting reaction-changes 
(in a bridge of three equal spans) will be: 

P T? T> T? j. ’^4 144 , 126 36 BIDi 

hi, Ki, As, JH = + “ is'’ ly' “Ts — W~ 
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On account of the increased constraint in a three-span bridge, the reaction- 
changes J?i, ^2, iJs, produced by Di or are somewhat greater than the 
corresponding reaction changes in a two-span bridge. The change in 
the remote reaction, £4, however, is comparatively slight. 

The identity between R 2 of Eq. (57) and Ri of Eq. (58) is an illustra- 
tion of the application of Maxwell's ‘‘Principle of Reciprocal Deflections." 
Note also, the identity of the symmetrically located reactions. 

It will generally be advantageous to make the intermediate supports 
intentionally lower than the end supports by a small and predetermined 
amount when the bridge is erected. The excess of middle reactions over 
end reactions can thus be somewhat relieved, and the greatest negative 
and positive moments can be equalized. In a two-span girder of equal 
spans (Z) and constant /, it will be advantageous to drop the middle 
support an amount defined by 

+ (59) 

where w = dead load, and p = live load per linear foot. This will reduce 
the negative moment over the middle support about 16 to 31 per cent 
(depending on the ratio of w to p) and will increase the maximum positive 
moment within the span to an equal value. 

For the Sciotoville Bridge, I = 775 ft., the necessary camber or 
lowering corresponding to Eq. (59) would be about 1.1 ft. 

For a three-span continuous girder of total length L, with ratio of 
spans between 8:9:8 and 6:7:6, the advantageous lowering of both inter- 
mediate supports is defined by 

+ (60) 

For other cases, the advantageous lowering of the intermediate supports 
may be determined in the design calculations by trial. 

In a continuous beam or girder of constant section, the above- 
described lowering of the middle support produces a material increase in 
^rength. In the case of a continuous truss, the lowering would result 
in ^eater uniformity of chord sections, reducing the extreme maximum 
sections which are required over the intermediate supports. 

From the same considerations, it is also obvious that the natural 
settlement or compression of the middle supports of a continuous bridge 
(in excess of the simultaneous settlement of the end supports) will be 
advantageous^ rather than detrimental to the safety of the structure, 
inasmuch as it tends to produce an equalization of absolute values of 
maxmum and minimum moments (with the reduction in maximum 
considerably greater than the increase in minimum moments), and a 
desirable relief in the excessive intermediate reactions. In other words, 
natural adjustments by settlement are really an element of inherent 
safety in a continuous bridge. 
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41. Example — ^Effect of Settlement in Sciotoville Bridge. — Referring 
to Tables 4 and 5, and figuring absolute values instead of relative values, 
we find the end displacement producible by unit applied load (1 lb.) to be 

d = 20,882 = 0.0000056 ft. 

Accordingly, applying Eq. (54) a settlement of 1 in. (D = 0.0833) will 
produce a relief in the end reaction amounting to 

-T?! = ^ = 15,0001b. 

This is only 0.6 of 1 per cent of the total dead-load reaction, or 0.3 of 
1 per cent of the total (D + L + I) reaction. The simultaneous increase 
in the middle reaction will be twice this amount, or 30,000 lb., which is 
only 0.3 of 1 per cent of the dead load reaction, or 0.2 of 1 per cent of the 
total (D + L + I) reaction at the middle support. 

A settlement of 1 in. at the middle support will produce effects equal 
to twice those given in the preceding paragraph, but opposite in sign. 
The middle reaction would bo relieved 60,000 lb., or less than 0.4 of 1 
per cent of the total (D + L + I) reaction at the middle support. 

It is evident from those values that any ordinary settlement of the 
piers would affect the stresses in the structure to so small an extent as 
to be negligible. 
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CANTILEVER BRIDGES 

By Arthub G. Hayden 

1. Cantilever Bridges Compared with Continuous Bridges. — Multiple 
span bridges may be continuous, partially continuous, or discontinuous. 
In Europe the continuous bridge is often preferred and Fi'cnch engineers 
rarely build girders of more than one span without making them con- 
tinuous. In America, adherence to statically determinate types has 
been very persistent and the cantilever in place of the continuous bridge 
has been highly developed. The latter type is, however, slowly growing 
in favor and the next few years will probably bring great development 
along this line! 

The partially continuous type is exemplified in such structures as 
the Queensboro Bridge and Minnehaha Bridge which arc cantilevers with 
suspended spans omitted and cantilever arms joined. 

The chief advantages shared alike by the cantilever and continuous 
bridge are (1) economy of material, (2) saving in width of piers which 
may carry one support instead of two as in the case of a series of simple 
spans, and (3) ease of erection and saving of falsework, as explained later. 

The disadvantage of the continuous bridge, which, however, obtains 
only in case rigid foundations cannot be secured or convenient moans of 
adjustment made, is that small changes of Icvt;! in the supports may 
cause great changes or reversal of stress and even lead to complete failure. 
This disadvantage is avoided by the proper use of the cantilever principle 
while all the chief advantages of the continuous type are preserved. 
For small multiple span girder bridges the cantilever type is undoubtedly 
preferable to the continuous. 

2. The Cantilever Bridge as a Development of the Continuous Bridge. 
Although the cantilever principle is very old historically, the modern 


Fjo. 1. 


cantilever bridge is a development of the continuous bridge. Figure 1 
indicates a three-span bridge. If the bridge is continuous there are 
four points of contraflexure as indicated, where the moment is equal to 
zero; and the position of these points changes within narrow limits for 

256 
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different systems of loading. Ritter, in 1860, proposed in effect to make 
the structure hinged at these points and discontinuous. It is seen, 
however, that the resulting structure would be unstable, as an unbalanced 
load would cause the several units to rotate on their points of support and 
the bridge as a whole to collapse. If, however, hinges are introduced at 
two points only, as indicated in Figs. 2, 3 or 4, the resulting structures 
are stable, providing proper provision is made for negative reactions and, 
as will be shown, they are statically determinate. 

/ Suspended 
^pon 

? Anchor arm \^CanffIe)^r finchorarm T 

arms 

Fig. 2. 



1 

1 

arms 


~£nd 

t /ntermediote 
span 

Fig. 3. 

u 

£nd 

^pan 

spm 


Double Conffteieer 

Anchor 

£ndspap 

cp/fh/e/er Gfm 


arm 


Fig. 4. 

3. Statically Determinate and Statically Indeterminate Cantilever 
Bridges.— Certain conditions must be observed in the design of statically 
determinate cantilevers. In some instances designs have been made 
without a full understanding of the principles involved, although there 
are several examples in which the indeterminate type was purposely 
selected. A full discussion of the principles of statical determination as 
peculiarly applied to cantilever bridges is therefore essential to a clear 
understanding of the general subject. 

4. Conditions of Statical Determination. — k. structure supported 
at n points has 2?i unknown components of the reactions — n vertical and 
n horizontal. Part of these unknowns may be eliminated by placing some 
of the supports on rollers, but one reaction at least must be capable 
of developing a horizontal as well as vertical component to preserve 
stability. Assume first that n — 1 supports are on rollers. There 
remain n + 1 unknown quantities and n + 1 equations are required to 
solve them. Statics gives us the three general equations (Si? = 0, 
SF = 0, SAT = 0). n — 2 equations remain to be supplied. In a 
continuous bridge they are supplied by the theory of elasticity. In the 
cantilever bridge the equations necessary to secure statical determination 
are established by certain features of construction and are called equations 
of condition. As a concrete example consider the structure indicated 

17 
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in Fig. 5. Reactions i2i, Rz and R^ are applied through roller bearings. 
There are, therefore, five unknown components of reactions. To solve 
these we have the three general static equations. Two equations of 
condition must then be supplied, which is done by introducing the two 
hinges as shown; and the equations of condition are Silfo = 0 and = 
0, which means that the moment of all the outer forces on either side of 
either hinge is equal to zero. These equations must not be confused 



Fig. 5. 


with the general equation SM = 0, which is applicable at any point 
of the structure and means that the sum of the moments on both sides of 
the point is equal to zero. Also with regard to the moment about the 
hinges, it must not be assumed that each condition supplied gives two 
independent equations, since, if the moment of all the outer forces to 
one side of the hinge is equal to zero, the fact that the moment of all 
forces to the other side is equal to zero follows immediately. 

The proper number of equations of condition may Ite supplied in 
another way, as indicated in Figs. 6A and 6B. There are four reactions. 



Pig. 6B . 


two of which are applied through roller bearings. There are six unknown 
components of reactions and three equations of condition are required. 
Hinge a supplies SAf „ = 0 and rocker b supplies UMi = 0 and SHs = 0. 
Also consider the structure illustrated in Fig. 15. There are eight 
unknown components of reactions and five equations of condition must be 
established. Two are established by omitting the (dotted) diagonals over 
the center piers which gives Mi = M» and and three more by 

omitting the bars 1712-13, 1717-18 and L18-19 and introducing the hinge 
at 12 (Sikfia = 0) and the rocker at 18 (SAfig = 0, EHia = 0). 

If there are too many equations of condition, the structure will be 
unstable if supported at points, as illustrated in Fig. 7. In this 
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there are six unknowns and three equations of condition are required, 
whereas four are furnished by the hinges. If the points of supports are 
wide piers, however, the structure may still be stable; but in this ease 
each pier in reality furnishes two points of support (see Fig. 8). For 
this particular ease the piers must be wide enough to prevent overturning 

r T" T 

Pio. 7. 

under any condition of loading or else the columns of the piers anchored 
against uplift; and differs from the ai-rangement shown in Fig. 15 in 
which and Bs are always positive if the diagonals over the piers are 
omitted. 



Again in Figs. 6A and 65, if one of the fixed bearings is made a roller 
bearing, there will be five unknown components of reactions and two 
equations of condition are required, whereas one is furnished by the hinge 
and two by the rocker. If Ri is made a roller bearing, the part of the 
bridge h-d will be unstable. If Ri is made a roller bearing, the part of 
the bridge c-6 will be unstable. 



If too few equations of condition are established, the structure is 
stable but statieally indeterminate. 

A study of the possible ways of treating a structure of the type of the 
Forth Bridge, Scotland, will make clear the whole subject of statical 
determination of cantilever bridges. 

Case I . — ^The Forth Bridge, shown in Fig. 9, is supported at a, c, 
g, h and I, on expansion bearings, and at 6, / and j on fixed bearings. 
At d and h are hinges and at e and i are rockers. There are diagonals 
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over each pier. The width of Pier 2 is such that overturning is pre- 
vented under any condition of live load. Piers 1 and 3 are narrower 
and anchorages are provided to take uplift at the shore ends of the end 
cantilever arms. There are then 11 components of reactions and eight 
equations of condition are required for statical determination. Two are 
supplied by the two hinges and four by the two rockers — six in all. Two 
conditions are lacking and the structure is indeterminate; the end canti- 
levers being continuous on three supports. 

Case II . — If the diagonals over Piers 1 and 3 were omitted the equa- 
tions Mh = Me and ilf / = Mk would be established and the structure 
would be determinate. 

Case III. — If, in addition, the diagonals over Pier 2 were omitted, 
too many conditions would be supplied and the structure would be 
unstable, as is clearly seen. The middle cantilever would collapse under 
unbalanced load. 

Case IV . — Assume now the original structure with diagonals over 
all three piers. If supports at a and I are omitted, the six required 
equations of condition are supplied by the hinges and rockers and the 
structure is stable and determinate, providing Piers 1 and 3 are made 
wide enough to prevent overturning or the legs of the towers anchored 
against uplift. 

Case V . — Suppose now that the structure is supported at 6, c, g, 
j and k on expansion bearings, and that / is fixed; that there are no 
supports at a and 1; that the diagonals over Piers 1 and 3 are retained, 
and that there are hinges at d, e, h and z, but no rockers. There are 
seven components of reactions and the four required equations of condi- 
tion are supplied by the four hinges. The structure is stable and 
determinate. 

Case VI . — If in addition to the conditions assumed in Case V, the 
diagonals over any pier were omitted, there would be too many conditions 
and part of the structure would be unstable. 

Case VII . — Suppose the structure is supported at a, 6, c, g, k, and 
I on expansion bearings and that /is fixed; also that hinges are placed at 
d, e, h and i. If the diagonals over Piers 1 and 3 are omitted, the structure 
is stable and , determinate. 

Case VIII . — If the conditions are the same as for Case VII but the 
diagonals over Piers 1 and 3 are retained, the structure is indeterminate. 

In any case diagonals over Pier 2 are required to preserve stability 
of the middle cantilever, which furnishes supports but is itself unsup- 
ported at e and h. 

Cases V to VIII are, of course, impracticable for a structure of the 
magnitude of the Forth Bridge, as it was assumed that expansion would 
be transmitted through the massive cantilever units. The supposed 
cases do, however, illustrate the possibilities of a simpler structure. 
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6. Examples of Cantilever Bridges. — We are now in position to 
examine typical structures and point out their degree of determinateness 
without further discussion. 

Blackwell’s Island or the Queensboro Bridge connection Manhattan, 
N. Y. with the Borough of Queens is illustrated in Fig. 10. Here the 



- naz'- — H.|. — /eeo' — 

Suspended spans are omificd and CQnh}e\fi:r arms Joined 
Fig. 10.“ — Queensboro Bridge. 


suspended span is omitted and the cantilever arms joined with a rocker 
connection. There are nine unknowns and only four equations of condi- 
tion are supplied by the two rocker connections. Two conditions are 
lacking and the bridge is statically indeterminate. To provide for 






Fig. 11. — Minnehaha Bridge, 


adjustment after erection and prevent undue strains due to changes in 
level of the supports, the anchorage at the shore end of each anchor arm 
is so constructed as to make that end of the bridge adjustable in height 
within a range of 10 in., and each rocker joining the cantilever arms is 
adjustable within a range of 2 in. 



Fio. 12 A. — Thol)os Bridge over MinsiBsippi River. 


The structure illustrated in Fig. 11 has five unknowns and two equa- 
tions of condition are required. Only one is supplied by the single hinge 
and the structure is indeterminate. • 

A different solution would be to make the two intermediate supports 
fixed and the two fend supports expansion, or vice versa, and the connection 
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of the cantilever arms a sliding joint. The same degree 
indeterminateness would obtain, and stability of each unit wc 
preserved. 

The bridges illustrated in Figs. 12 A and 12 jB are statically dc 



Fig. 12B. — Beaver, Pa., Bridge over Ohio lUver. 


6. Computation for Moments and Shears. — The actual cor 
for a determinate structure present no difficulty and the posit 
load which will give maximum stresses can easily bo dote) 
inspection. The use of influence lines, however, is often vak 

Illustrative Problem. — Figure 13 shows a typical arrangomcnt. An;j 
anchor arm affects the anchor arm alone and causes +M. Any J 
cantilever arm affects the cantilever arm and anchor arm, and causes 
load on the suspended span is resolved into reactions which arc 1< 



Fig. 13. 


cantilever arm. For max. +ikf in the anchor arm, load the ancho 
For max. — Af, load the suspended span and cantilever arm. AJ 
on the cantilever arm are negative; load the suspended span and th 
arm up to the point in question; other loads are immaterial. For 
load the anchor arm only; for max, — jRi, load suspended span an< 
arm only. For max. 2^2, use full load. All moments and shears J 
pended span are the same as for any simple span bridge. 

Assume a dead load (D.L.) of 5 kips per lin. ft. and live load (LL.) < 
lin. ft. 

Dead Load Moments . — Maximum D.L. moment suspended span »» 
+9,000 kip-ft, 
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The moment curve will be parabolic with middle ordinate = 9,000 to scale. 
D.L. moment (dot and dash line) at any point on the cantilever arm : 


From suspended span, (5)(60)(X) =* — 300X kip-ft. 

From cantilever arm^ (-5) {X) = —2.5X2 

Construct the dot and dash line from the hinge to line of action of R^. Maximum M 
for X = 40 is —16,000 kip-ft. Lay off —16,000 on R^ to point h and draw the dash 
line 0-6. 

(5) (150)^ 

Maximum -\-M due to dead load on anchor arm alone — ^ ^ = -j- 14,000 

kip-ft. Construct, on line a-6, a parabola with vertical (not perpendicular) ordinates 
whose middle ordinate = +14,000 kip-ft. from line o-6. The dot and dash line 
shows the completed D.L. moment curve. 

Lwe Load Moments. — The L.L. moment curve for suspended span and canti- 
lever arm has ordinates = the ordinates of the D.L. moment curve and is shown 
by dotted lines. Maximum — M at R 2 — —9,600 kip-ft. (point c). The — L.L. 
moment for the anchor arm is a straight line (dotted) from a to c. 

Maximum +Jkf due to live load on anchor arm alone = (5^) (14,000) = + 8,400 
kip-ft. Construct a parabola on a-d with middle ordinate of +8,400 to scale. 

Add algebraically the vertical ordinates from line a-d to the D.L. moment curve 
and the vertical ordinate from the same line to either curve of L.L. moment to obtain 
the curves for total +Af and total — M. 

Shears . — ^For max. +j 8 at any point on the anchor arm, load from R 2 toward 
Ri up to the point in question — suspended span and cantilever arm unloaded. 

For max. —5, load the suspended span and cantilever arm and the anchor from 
Ri up to the point in question. All shears on the cantilever arm are positive. Load 
suspended span and the cantilever arm from the hinge up to the point in question. 
Other loads are immaterial. 

Dead Load Shears —First determine values of Ru 


(60) (5) (^% 50) = 80 (acting down) 
(40)(5)(29f5o) =26% (acting down) 
(75) (5) = 375 (acting up) 

Total Ri — 268% kips (acting up) 


D.L. shear at any point distant X to left of Ra — 268% — 5X. For X — 150, S = 
268% — 750 = —481%. D.L. shear immediately to left of jKs = (^^% + 40) (5) = 
+500. Ri = 500 + 481% = 981%. D.L. shear curve is shown by dot and dash 
line. 

Live Load Shears . — Maximum — on the cantilever arm — D.L. shear. 
Maximum —S on the anchor arm at any point distant X to left of Ra. 

From suspended span and cantilever 

C2^)(3)(^%5o) = -48 


(40)(3)(2%5o) 
From anchor arm 


-16 

—64 kips 
— 3X* 
e)(150) 


Maximum +>8 on the anchor arm at any point distant X to left of Ra (suspended 

+(3)(150 - X)2 
(2) (160) 


span and cantilever arm unloaded) = 


Curves for max. L.L. 


shear are shown dotted. 

The computation for shears at critical points in a cantilever girder bridge is 
important for determining web shear. If the web shear near the intermediate 
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reactions is very high, it may be economical to use web reinforcing plates rather than 
to increase the web thickness throughout the length of the girder, and to provide for 
longitudinal shear between the web and flange by using shear plates coniiccting the 
vertical legs of the flange angles to the reinforced web. 

The preceding example assumes uniformly distributed load on the girder as for a 
deck bridge. If the loads are brought to the girders through, floor beams, the moment 
curves will consist of straight lines between the panel points, and the vertices of the 
broken line curve will be points on the moment curve as drawn above. Ihe shear 
curves will be horizontal lines between the panel points. 



Fig. 14. 


Illustrative Problem. — Figure 14 shows the moment curves and typical mfluenc© 
lines for another typical arrangement. In this case max. — M in tlie intermediate 
span occurs with both suspended spans and both cantilever arms loaded and inter- 
mediate span unloaded. Maximum +M occurs with intermediate span only loaded. 
The procedure in plotting the curves is so. like the preceding example that the com- 
putations will not be carried through. 

Illustrative Problem. — Figure 15 shows a truss bridge for which the stresses in 
typical members will be computed. Influence lines for the reactions and for shears 
and moments at typical points are drawn with their determining ordinate computed 
and shown in the diagrams. As regards the anchor arm or cantilever arm separately, 
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the equal and opposite stresses in U’7-8 andL7-8 are to be regarded as external forces 
whose moment is equal and opposite to the moment of the other loads and reactions. 

For example, using full dead and live load which gives a panel load of 200 kips. 

Rz = (73^) (200) = 1,500 kips (acting down) which includes full panel load at 8. 

Ms = ikfr = (33^) (200) (80) + (3)(200)(40) = +80,000 kip-ft. (clockwise). 

80 000 

Tension in 177-8 = compression in L7-8 = - - ^q - = 1,600 kips. 

Ri = ■ Z - 28.6 kips (acting down) which does not include 

half panel load at 0. 

(Or, 7 X 200 — 28.6 = 1,371) which includes full panel load at 7. 

The areas A between the influence lines and reference line have been computed 
and are shown in the diagrams. For example, for shear in panel 2-3, the area A from 
0 to m =mi)W) = J., m to 7 = (93J^)(^) = ^ 8 to 18 = (^)(100) - 

^<^5+ and so on. 

The sums of the vertical ordinates between the influence line and reference lines 
below panel points 1 and 2, (Zy) = From m to 7, ^ 

Assume first a dead panel load of 120 kips = 6 kips per lin. ft. of truss, and live 
panel load of 80 kips = 4 kips per lin. ft. of truss. Stresses in the members may be 
computed with equal results by multipljdng each panel load by the vertical ordinate 
beneath the load in the influence diagram and summing, or by multiplying the unit 
load per lineal foot by the areas in the influence diagram, except in cases like the follow- 
ing: For shear in panel 2-3 in which the influence line intersects the reference line 
between panel points, use panel loads and vertical ordinates if it is assumed that 3 
may be fully loaded while 2 is entirely unloaded. For determining Ri for loads between 
0 and 7, use the uniform load per lineal foot and areas, or deduct one-half panel load 
from the result obtained by using panel loads and ordinates. 

All loads and stresses are in kips (1,000 lb.). 

All moments are in kip-ft. 

Considering Rii 

D.L. from 0 to 7 = (70) (6) = +420 

D.L. from 8 to 18 =(-4«?f)(6) = -343 

Total = + 77 kips 

L.L. from 0 to 7 = +280 kips 

L.L. from 8 to 18 = —229 kips. 

Note that Ri includes one-half panel load at 0. 

Considering Rzi 

D.L. from 0 to 8 = (80) (6) = 480 

D.L. from 8 to 18 (6) = 343 

Total = 823 kips 

L.L. from 0 to 8 = 320 kips 

L.L. from 8 to IS = 229 kips 
Considering Rzi 

D.L. from 7 to 18 = (150) (6) =* 900 kips 

L.L. from 7 to 18 = (150) (4) = 600 kips 
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Stress in D2-3. — Vertical component (V.C.) = shear in panel 2-3. 


in 2-3 : 


(-H + ^9^)(120) - (40 5^)(6) = -223 kips 


D.L. shear 


(Dead load Ri = +77 which includes one-half end panel load. Thus S in 2-3 — 
+77 - 60 - 240 = -223.) 

L.L. shear in 2-3 : 

(-HUSO) - (40J^)(4) = 

(+i%)(80) = +114 

Total V.C. = -486 kips 

Stress == ( — 486)(2J>;j()) = —583 kips (compression) 

Stress in /72-3 — horizontal component (H.C.) in UZ~5. D.L. moment at 3: 

^ +2,400 — — (6) == — 6,200 kip-ft. (counter-clockwise) 

L.L. moment at 3: 

(+2, 400) (4) = +9,600 (clockwise) 

^(4) « —13,700 (counter-clockwise) 


Total M \ 


+3,400 

-19,900 


Stress 


+ = +133 kips (compression) 


19,900 
~ 30 


— 663 kips (tension) 


Stress in L3-6. — ^Tako section in panel 3-4 with center of moments at 5 in upper 
chord. Find ikfs. Note that obtained from the influence diagram includes the 
M of all forces to one side of 5. Since the moment of all forces to left of 4 is desired 
the moment of panel load at 4 must bo subtracted algebraically from obtained 
from the diagram. 

D.L. moment: 

(+2,000 --’®““)(0) “ -22,270 
Moment duo to /'< - -(-120) (20) - + 2,400 


Total 

L.L. moment: 

(+2,000) (4) - (-80) (20) 

Total M - -42,700 kip-ft. Stress - — 


-19,870 kip-ft. 

+ 9,000 kip-ft. 

-22,800 kip-ft. 

1,220 kips (compression) 


Stress in DM . — Find moment about a. 


D.L. moment: 

(7,980 - 400) (6) * +46,480 kii)-ft, 

L.L. moment: 

(+7,980) (4) « +31,920 kip-ft. 

(-400) (4) - -1,600 kip-ft. 

Total M « +77,400 kip-ft. 

77 400 

V.C, stress in DM « « 681 kips (compression) 
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Or V.C. maximum compression in D6-7 = Ri - V.C. 
from 0 to 7. Note that includes panel load at 7 whicJ^ alfect 0-7. 

V.C. in V5-7 dead load only = = 360. 

Ri for D.L. = 823 - 120 = 703 
Ri for L.L. = 320 - 80 = 240 


Total = 943 kips 
943 - 360 = 583 Y.O- 
Stress = (583) (SHs) = 882 kips (compression) 

Stress in U7-8 = H.C. in 175-7 = H.C. in 178-10. Find iW'r = 

M = (8,000) (10) = 80,000 kip-ft. 

Stress = — 1,600 kips (tension.) - 

Stress in 1/7-8 is equal and opposite to stress in 177-8. 

Stress in L8-10. — Take section in panel 8-9 with center moment at 10, Live 
load 10 to 18. Add the effect of dead panel load Pj to ATio ol^tra-ined from the diagram 

Stress = ( -3.200) (10)_-+ (120) (20) ^ _g^g Cco“iwession) 

oO 

Stress in i)8-9. — ^From diagram for moment at h, 

(=4.^). 98 V.C. 

Stress = (■-698)(5K5) = —1,056 kips (compression). 

Stresses in the suspended span are the same as for a simple apan bridge. 

The method of procedure for finding stresses for wheel coxicentrations is the same 
as for a simple structure and the influence line diagram will assist in finding the 


ordinak in trr/^/ttence 


<<5 V) 0> V<0 

' — X /iv?- — 


r“ W 


Fig. 16. 


position of the loads which will give maximum stress. For example, to find the 
maximum compression in i)2-3 of Fig. 15 use the wheel loads oxi; S-18 with the heaviest 
loads near 12, and uniform load in 0-w. The position of wlxoel loads which will give 
maximum stress is such that the average load per foot in 8 to 12 will be as nearly as 
possible equal to the average load per foot in 12 to 18. For this position, find the 
moment M at 12 as for a simple span 8 to 18. Then the vortical component of the 
stress in D2-3 will be (The moment due to loaxi unity at 12 would be 


(80) (120) 
200 


48, while the vertical component of the stress im Tliorefore, actual 


stress : M::^ : 48, or actual stress 




The stress may also be found by finding the summation of the producta obtained 
by multiplying each load by the vertical ordinate in the infli,a.enca diagram under the 
load. 

Assume Cooper's E-40 followed by a train load of 4,000 ]f>er lin. ft. (2,000 on each 
truss), as shown in Fig. 16. 
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With Pll on 8-12 the average load on 8-12 is = 2.15 and average load on 

12-18 is 2.18. 


With P12 on 8-12 average load on 8-12 is = 2.4 and average load on 12-18 is 

92 -f (2)(80) ^ ^ 

" 120 “ ~ 


Place P12 at 12. 

Using moment diagram, Pi = 227.4 and M 12 - 11,485. 

V.C. of stress in D2-3 duo to loads on 8-18 is = 137. 

Check this result by using ordinates in the influence diagram 


(a)(0<“>- 0 - 

(S)(l)®> 

- 

@0(20) 10.7 

(ll6)(7>“> 

G»)G)<“> 

(S))(7)®<“> 


130.8 chock 

The preceding problem illustrates fully the use of influence lines, but 
to the computer familiar with cantilever bridges purely arithmetical 
methods of computation are just as convenient. 

The arrangement illustrated in Fig. 16 requires wide piers for the 
supports at 7-8 and at 22-23 but makes for economy in the superstructure. 
It is, therefore, adapted to cases in which the piers are of short height 
with shallow foundations. 

The arrangement illustrated in Fig. 13 permits narrow piers to support 
single reactions; but for the same total span requires more steel in the 
superstructure than for the arrangement in Fig. 16. It is, therefore, 
better adapted for cases which require high piers or deep foundations. 

7, Reactions for an Indetennidate Cantilever Bridge. — ^The compu- 
tations for an indeterminate cantilever bridge are as simple as for a 
determinate structure once the reactions have been found. The method 
of finding the reactions for the type illustrated in Fig. 11 is as follows: 

Let Ap = deflection at b due to P at any point in a-b. 

Si = deflection at 6 of o-6 due to unit load at 6. 

Ss =■ deflection at 6 of b-c due to unit load at 6. 

Rb =» reaction at 6 assumed upward on a~b. 



270 


MOVABLE AND LONG-SPAN STEEL BRIDGES 


[Sec. 6~8 


With respect to a-6; deflection at fe ~ Ap — RhBi 
With respect to 6-c, deflection at 6 = Rbh 
Therefore 

Ap RbBi = Rb 82 


or 


Rb = 


Ap 

di + ^2 


8. Erection of Cantilever Bridges. — Cantilever truss bridges may be 
erected with falsework under the main spans only, that is, under the 
anchor arms or the intermediate spans. The cantilever arms and the 
suspended spans may be erected by building out panel by panel from 
the anchor arm or the intermediate spans, the suspended spans being 
made temporarily continuous with the anchor arms or intermediate 
spans and after erection converted into simple spans by making the 
proper members adjustable. 

For example, in Fig. 15, i712-13 is a member, during erection, of the 
cantilever consisting of the left cantilever arm and left semi-truss of the 
suspended span, and C717-18 and L18-19 are members, during erection, of 
the cantilever consisting of the right cantilever arm and right semi-truss 
of the suspended span. After the semi-trusses are joined, these members 
are made self-adjusting to expansion and contraction by means of sliding 
joints and carry no dead or live load stress. They may be used, however, 
as part of the lateral systems to carry wind loads. In dimensioning the 
suspended span of important structures, exact measurements must be 
obtained by triangulation, checked if possible by direct measurement, of 
the distance between the ends of the cantilever arms, corrected for strain 
due to the weight of the suspended span and estimated temperature at 
the time of joining the semi-trusses. Special means of erection adjust- 
ment are provided as illustrated in Art. 9. When the suspended span is 
swung, reversal of dead load stress takes place in the chords of the sus- 
pended span, and the dead load stresses in the cantilever and anchor arms 
due to the suspended span are reduced. 

The cantilever method of erection is the usual method, but in a few 
cases (the Quebec Bridge and Highland Park Bridge, Pittsburgh, for 
example) the suspended span has been assembled in the field or on 
barges, floated into place and hoisted bodily into position. 

9. Special Details. 

9a. Erection Adjustments. — ^Erection adjustments are 
needed when the cantilever method of erection of the suspended span is 
used and afford control of the position of the ends of the semi-trusses 
both vertically and horizontally, and allow the last members erected to 
be brought together and connected. The top chord adjustments are 
always made in the members corresponding to 1712-13 and 1717-18, of 
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Fig. 17. — General drawing of cantilever bridge at Salamanca, N. Y. 
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Fig. 15, which are in tension during erection, arL<i the bottom chord 
adjustments in the bottom chord members correspo^*- mg ® 

L18-19 of Fig. 16 which are in compression during erection, ine tempo- 
rary adjusting apparatus is placed near a panel poinii- 



Figure 19 shows the erection adjustment device of the Cincinnati- 
Newport Bridge. The adjustable top chord member is slotted at its end 
around the truss pin and around the pin of the right roller; thus being 
held in position vertically and laterally while permitting lon^tudinal 
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expansion. The left roller is attached by its pin to the chord. A short 
temporary eyebar connects the right roller, which is unconnected to the 
chord itself, to the truss pin at the panel point. The wedge between the 
rollers, when moved down by its operating screw, separates the rollers 
and draws the panel points corresponding to 1717 and 1718 of Fig. 15 
together; and when moved upwards allows these panel points to separate. 
The rollers of the bottom chord adjusting device are attached directly 



Fig. 20 a . — Erecting adjustment devices, Beaver Bridge. 


to different sections of the bottom chord; one section of the chord being 
slotted around the pin of the roller attached to the other section. Lower- 
ing the wedges separates the rollers and drives apart the panel points 
corresponding to L18 and L19 of Fig. 15. Raising the wedges allows 
these panel points to draw together. In practice the adjustments are 
usually so made at the beginning of erection of the suspended span, that 
the outer ends of the semi-trusses will require only to be lowered by releas- 
ing the adjusting apparatus. After erection, the temporary eyebars, 
frames, wedges and rollers may be removed, leaving the proper chord 
18 
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members self-adjusting to expansion. The apparatus described above 
gave entire satisfaction. 

The erection adjustment device of the Red Rock cantilever bridge in 
California is the same in principle, but the wedges bore against sliding 
surfaces instead of rollers. 

In the Beaver Bridge the bottom chord was adjusted by means of a 
wedge device and the top chord by a semi-toggle operated by a sort of 




turnbuckle arrangement (Fig. 20 A and 205). The same device was used 
for the Sewickley and Monongahela bridges. At the beginning of erection, 
the wedges and toggles were so set that no further extension was needed and 
the final adjustment required was only the lowering of the ends of the 
semi-trusses by releasing the wedges and toggles in order to make the final 
connections. 

In large bridges other erection adjustments are required in order to 
make connections at the panel points under varying conditions of erection 
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stresses. A description of the devices used for the Monongahela Bridge is 
contained in the Engineering Record^ April 9, 1904. 

96. Anchorages. — Anchorages at the shore ends of the anchor 
arms usually consist of eyebars extending down into the abutments and 
attached to girder platforms embedded in the masonry. 

The anchorage for the Monongahela Bridge, Pittsburgh, is shown in 
Figs. 21 and 22. The reaction girders are embedded in the pier 50 ft. 
below the top and have a full capacity of 1,500,000 lb. resistance to uplift 
which is 75 per cent in excess of the computed maximum uplift. The 
30-ft. eyebars connected to the reaction girders engage with the 30-ft. 



Fig. 21. — Anchorage details, Monongahela Bridge. 

eyebars connected to the end of the anchor arm. The anchor end of the 
truss bottom chord has bearing plates riveted thereto which bear on the 
top flanges of the cast steel pedestals. They are locked over the pedestals 
and are adjusted by means of the screws so as to bring the end pin to 
exact bearing in the loaded anchor bars and allow for inaccuracies in 
masonry work and setting of the reaction girders. 

The anchorage adjustment of the Beaver Bridge is shown in Figs. 
23 and 24. This provides adjustment for stretch in the anchorage eye- 
bars. The computed end reaction changes under live load from 2, 100,000 
lb. positive to 2,300,000 lb. uplift. Wedges are provided between the 
cast steel blocks which engage the anchorage eyebars within the shoe, 
and the inclined wedge-seats in the shoes. These wedges were driven 
when the eyebars were under maximum stress which prevented subse- 
quent shortening of the eyebars under reduced load. 

The stress in the eyebars being constant, the shoes are drawn tight 
to the bridge seat under all conditions of uplift. The anchor eyebars 
connecting the embedded reaction girders and anchorage bearings on top 
of the pier, are fixed; provision for expansion being made through the 
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built-up rockers, 5 ft. long, connecting the anchor arm to the anchorage 
bearing. 

The total computed expansion due to temperature and strain is about 
7 in. and the 100,0004b, longitudinal thrust due to the maximum inclina- 



Fio. 23, — On© of the anchorage bearings of the lieavor Bridge. 

With crosshead block at upper end of anchorage ©yebars, wedge adjustment under 
block to hold ©yebars in maximum tension, and rocker connection from block to end pin of 
bridge. The bearing takes no wind reaction, this being carried to a special wind abutment 
at middle of end floor beam. 

tion of the rockers is taken up within the shoe itself and prevented from 
affecting the anchorage eyebars by shaping the ends of the eyebar blocks 
as slides fitted into guide jaws formed by the outer webs of the shoes. 

In the Sewickley Bridge, Pittsburgh, the anchorage arrangement is 
similar to that of the Beaver Bridge, except that adjustment for stretch 



Fig. 24.— -Anchorage bearing and wind abutment of I^oaver Bridge. 
Longitudinal expansion movement of the bridge is allowed for in the anchorage bearing 
by means of the rocker connecting the pin LO to the crosshoo.cl block, and at the wind 
abutment by a sliding joint lined with manganese bronze bearing plates. 



Anchorage Shoe 



Fig. 25. — ^Anchorage adjustment, Sewickle 3 r Hridge. 
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in the anchor eyebars is made by means of an eccentric instead of by 
wedges. The 9^-in. pins taking the lower ends of the short rockers are 
turned to 7% in. at th6 webs of the shoes and pass through flanged steel 
sleeves seated on the webs of the shoes. The 7^-in. pin hole in the sleeves 
are M in- eccentric with the outer circumference of the sleeves, and, by 
turning the sleeves, 1-in. adjustment of the pin is obtainable (Fig. 25). 
Final adjustment was made under maximum strain in the eyebars. 

9c. Lateral Systems. — The top lateral system of the sus- 
pended span may end at portals between the end posts, and the wind 
loads transferred to the bottom lateral system of the cantilever arm; or 
the top lateral loads may be transferred to the top lateral system of the 
cantilever arm and carried through this system to portals between the 
long diagonals corresponding to Z)8-10 and D20-22 of Fig. 15 and thence 
to the piers. In the former case, there are no laterals in the end panels 
(12-13 and 17-18 of Fig. 15) of the suspended span. In the latter case 
special details are required to transfer the wind loads past the sliding 
joints in the adjusting top chord members in the end panels of the sus- 
pended span (1712-13 and 1717-18 of Fig. 15). Likewise, special details are 
required to transfer the bottom lateral loads past the sliding joints in 
the adjusting bottom chord members in the last panels of the cantilever 
arms (L18-19 of Fig. 15). 

Figure 26 shows the bottom lateral transfer of the Thebes Bridge. 
The cantilever span lateral system ends at the floor beam (which is 
the lateral strut of the system) near the sliding joint and the suspended 
span lateral system ends at the other side of the joint; there being an 
independent strut to hold the two chords in position, which was placed 
after the erection of the superstructure. The sliding joint is made with a 
clearance of >^2 in., but the link arrangement (devised by Ralph Modje- 
ski) transmits wind shearing forces without developing bearing in the 
joint itself. 

In this bridge the top lateral system of the suspended span ends at 
portals between the end posts which transfers the load to the bottom 
lateral systems of the cantilever arm. The top chord member in the end 
panel of the suspended span is therefore a dead member after erection 
and the joint is simply an oblong pin hole. 

In the Inter-provincial Bridge over the Ottawa River, Ottawa, Can., 
the top lateral loads of the suspended span are transferred to the top 
lateral system of the cantilever arm; and the end sections of the top 
chords of the suspended span to which the suspended span laterals are 
riveted, are fitted to slide longitudinally with finished bearings between 
the jaws of the members corresponding to (712-13 and (717-18 of Fig. 15. 
The transverse struts and diagonals of the cantilever arm lateral system 
extending toward the piers are riveted to these members. 
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The wind transfer details of the Beaver Bridg<^ shown in Figs. 
27 and 24. In this bridge both the top and bottoxxx lateral loads of tlie 
suspended span are transferred respectively to the top bottom lateral 
systems of the cantilever arm, without preventixilS longitudinal 
motion between the suspended span and the carx'f>ll<^ver arm and all 
lateral loads are transferred to the end abutments l>y means of wind 
pedestals which engage the end floor beams at theii* contoivs by m<*ans of 
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Expansion Joinf behveen 
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ond betvveen Lateral Systems., 



Fig. 26. — Expansion joints in main span of Thelxoi^ Brul^o. 

longitudinally sliding joints lined with manganeBO bronze. The sus- 
pended span top lateral system ends at the hip joint with a transverse 
strut. The top lateral system of the cantilever arm ends at the middle 
of this strut and is provided with a longitudinally sliding joint between 
guide jaws on the strut, the jaws being lined wifcli manganese bronze. 
The eyebars comprising the top chord corresponding; to 1712-13 and 1/17- 
18 of Fig. 15 which were used as erection members a.re laced together to 
form stiff members of the lateral system. 

9d. Stringer Expansion Bearings. — The stringers require 
expansion bearings at one end in the last panel of the cantilever ann. 
They are usually made by allowing one end of tho stringer to slide in 
pockets, as seen in Fig. 27. 
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The tower pier bearing for the Beaver Bridge is shown in Fig. 28. 
The center of the bed of rollers is on the bottom chord center line and 
thus permits rotation of the joint and eliminates secondary bending 
stresses due to truss deformation. The bearing is not an expansion 
bearing properly so-called. 



Fig. 27. — Wind-transfor dotails at ond of suspondod span, Beaver Bridge. 


10, Economy. — Theoretical discussions have been advanced purpor- 
ting to show that, aside from the question of falsework costs, the canti- 
lever bridge has in general no economic advantage over a bridge of the 
same size consisting of simple spans, if the conditions are such that the 
piers may be located with equal economy in any position. But the ele- 
ments entering into the problem are too many to be expressed in a formula 
and the deductions from such theoretical discussions are likely to be 
erroneous. The economic advantage of the cantilever design in a par- 
ticular case is, however, partly offset as a result of the practice of increasing 
the sectional areas of members subject to reversal of stress under live 
load, on account of such reversal. The practice referred to is a relic of 
the now obsolete practice of reducing the allowable unit stresses in 
members subject to change of stress even of like kind (the reduction being 
a function of the maximum and minimum stresses) and should be dis- 
carded. It is entirely reasonable to design members for the maximum 
stress of either kind without reduction of unit stresses on account of 
reversal. 

The cantilever principle has been used to advantage oven for small 
bridges where simple spans would ordinarily be used. One instance will 
bo cited, namely the cantilever ^rder bridge at Salamanca, N. Y., details 
of which are shown in Fig. 17. 
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It was necessary to build a bridge of specified dimensions over the 
Oswego River wit!to a certain appropriation. Complete designs and 
estimates were made for a bridge of several simple spans all of the same 
length and several span-lengths were tried. The theoretical criterion 
that the cost of two girders (the only variable quantity in the super- 


i-ioUiO' .i-. 
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Fig. 28. — Typical details of the tower pier bearing, Beaver Bridge. 


structure) should equal the cost of one pier including excavation and pile 
foundation, was verified. Eighty-foot spans were found most economical. 
The cost of such a bridge, however, exceeded the appropriation. Designs 
were then made for the cantilever structure shown, with the following 
results; 
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Cantilever 

bridge 

Simple span 
bridge 

Girders 465,000 lb. at 3% cts 


$17,100 

15,200 

Girders 355,000 lb. at 3J^ cts 

$13,300 

4 piers at $3,800 each 

4 piers at $3,500 each 

14,000 


$27,300 

$32,300 


The foregoing comparison is based on very low contract prices; at 
ordinary prices the economic advantage of the cantilever would be 
greater. The total cost of this structure was about $80,000. 



Fia. 28A. — Tower pier bearing, Beaver Bridge. 


11. Relative Rigidity. — The simple span structure possesses a theoret- 
ical advantage over the cantilever in point of rigidity Actual canti- 
lever bridges show, however, no lack in this regard under all conditions 
of traffic and the designer should not hesitate to take advantage of any 
economy shown by comparative designs. 

12. Economical Ratios of Span Lengtiis. — In cases where the location 
of the piers is not more or less fixed by the ground contour or other 
restrictions, the relative lengths of the anchor arm or intermediate 
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span, the cantilever arm, and the suspended span necessary to obtain 
maximum economy, must be decided. The economi<^ ratios of lengths 
will differ for different ratios between dead and li’ve load, lor any 
particular case it may be assumed, in making a first that 

the material in the trusses or girders is proportional to the areas of the 
moment diagrams. Having selected a few arrangoments that look 
reasonable, the curves of total moment for the assuxned dead and live 
loads should be plotted. That arrangement which has the least total 
moment area may be selected as the basis of making preliminary dcsigrns 
and estimates to determine the correct ratios of lengths- 

It will sometimes be of advantage to increase the lengths of the anchor 
arms and decrease those of the cantilever arms in order to avoid using 
anchorages. 

13. Miscellaneous Data. — The following table gives the span lengths 
of several bridges which are all of the type of the Beaver and Monongahela 
Bridges: 



Each of 2 
anchor 

Each of 2 
cantilever 

Suspended 

span 

Total 

length main 


arms 

arms 

spans only 

Monongahela 

346 

226 

360.0 

1,504.0 

Beaver 

320 

242 

285.0 

1,400.0 

Sewickley 

300 

200 

350.0 

1,350.0 

Mingo Junction 

298 

195 

310.5 

1,206.5 

Cincinnati-N ewport 

250 

156 

208.0 

1,020.0 

Burlington, Iowa. . . 

260 

132 

216.0 

1,000.0 


The following data of quantities (structural steel only) in the main 
spans, omitting approach spans, gives an idea of the magnitude of typical 
cantilevers : 

Beaver, — ^Two-track railroad bridge 34 ft. 6 in. center to center of tmHHCH. 


Anchor and cantilever arms, 1,124 ft. 

Trusses, bracing, . bearings, anchorages 21, 0(K) , (KK) 

^ioor 3,500,000 


24,500,000 lb. 


. . 2 , 220,000 
875,000 


Suspended span, 285 ft. 
Trusses and bracing. . . . 
Floor 


3,095,0001b. 
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Setoickley. — Highway and electric railroad bridge, 32 ft. center to center of trusses. 

Anchorages 93 , 000 lb. 

Anchorage arms including tower posts 4,430,000 lb. 

Cantilever arms 2 , 545 , 000 lb. 

Suspended span 1,805,0001b. 

Memphis. — One-track railroad and highway bridge, 30 ft. center to center of 
trasses. 

Anchor span, 226 ft 1,607,000 lb. 

Cantilever span, 169 ft 1 , 252 , 000 lb. 

East suspended span, 452 ft 2,330,000 lb. 

Cantilever arm, 169 ft 1 , 285 , 000 lb. 

Intermediate span, 621 ft. 5 , 122 , 000 lb. 

Cantilever arm, 169 ft 1 , 260 , 000 lb. 

West suspended span, 452 ft 2,328,000 lb. 


The steel in the main spans of Thebes Bridge weighed about 
28,000,000 lb. 

The steel in the Monongahela Bridge weighed about 14,000,000 lb. 

The steel in Mingo Junction Bridge weighed about 12,000,000 lb. 

The diagram, Pig. 29, shows the comparative lengths (main spans 
only) of typical large American cantilever bridges. 

Note the various types of web systems. The “K” system, used in 
the Quebec Bridge, or the double Warren system used in the Memphis 
Bridge (also Cernavoda Bridge, Fig. 36), gives less distortion and smaller 
secondary stresses than the usual subdivided Pratt system. 

14. Arched Cantilever Bridges. — Strained attempts to disguise the 
true character of a structure should never be made. Most attempts at 
disguise end in failure and show poor judgment and bad taste. Such 
bridges as the Quebec (Fig. 29), Cernavoda* (Fig. 36), Monongahela 
(Fig. 29) and Red Rock (Fig. 33) are pleasing structures, because their 
true nature is expressed. The Jubilee Bridge,* Calcutta, India, on the 
other hand, is not a success esthetically because the camel-back truss 
supported at intermediate points does not carry out the cantilever idea 
suggested by the relationship between substructure and superstructure 
(Fig. 31). Cantilever bridges can, however, be built on arch outlines 
with good effect and at the same time conform to structural requirements. 
The cantilever principle gives a correct solution in cases where arches 
suit the topography but where proper foundations for true arches are 
secured with difficulty. 

The Arroya Del Chico railroad bridge Mexico (Fig, 30) is a deck 
truss bridge built over a deep gorge and consists of two anchor arms of 106 
ft. each, two cantilever arms of 135 ft. each, and a suspended span of 120 
ft. The top chord is horizontal. The bottom chords of the anchor arms 
are circular segments and the bottom chords of the cantilever arms and 

‘See Eng. Neios, Aug. 27, 1896 and R, R. Oazetle, Nov. 29, 1895. 

*See Eng, Record, Oct. 4, 25, 1890. 
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suspended span form a circular segment. The depth at the piers between 
anchor arms and cantilever arms is 63 ft. The structure as a whole 
presents the appearance of a spandrel braced arch with two semi-arch 
approach spans. 

The gorge is through solid rock and a better solution would have been 
to make the center span a true arch which could have been erected by the 



Blackwell’s Island or Queensboro Bridge New York. NY 
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Thebes Bndge. Illinois 
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Memphis Bridge. Tennesee 



Monongahela Bridge Pittsburg. Ri 





Beov'er Bridge. Beover Rx 

Fig. 29. — Outlines of large American cantilever bridges. 


cantilever method, and, after joining at the center, have supported live 
loads by arch action. Or, the suspended span could have been omitted 
and the cantilever arms extended and connected by a sliding joint, 
the structure being partially continuous. Several so-called balanced 
cantilevers, both steel and reinforced concrete girders, have been built 
on the latter principle to give the appearance of arches when the founda- 
tions were not suitable to support true arched bridges. 
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Davis Avenue Bridge, Allegheny, Pa., is another example of a canti- 
lever built on the lines of a spandrel braced arch. The bridge is over a deep 
ravine and consists of two anchor arms, 95 ft. each, two pier panels 25 ft. 

9--IOS‘ — — .M.,. 



Fig. 30. — Arroya Del Chico Bridge, Mexico. 


each, two cantilever arms 39 ft. each and a 78-ft. suspended span. The 
depth over the piers is 55 ft. The top chord is horizontal (the bridge 
being a deck structure) and the bottom chords form circular segments 
as in the Arroya Del Chico Bridge. 






k-- 


— 


A A 



Fig. 31. — Jubilee Bridge over Hooghly River, Calcutta, India. 


Riverside Drive viaduct over 96th Street, New York City, is a canti- 
lever built on the lines of an arch with suspended span omitted. This is 
a deck steel structure supported on steel columns at the curbs with masonry 
anchor piers beyond the sidewalks. The anchor arms, about 20 ft. each, 



Fig. 32. — Pont de Frans, sur la Sa6ne a Ville-franche, France. 


span the sidewalks and the cantilever arms about 35 ft. each, join over the 
center line of the street. The cantilever design was adopted because the 
cost of foundations suitable for a masonry arch would have been excessive. 



Fig. 33. — Red Rock Bridge, California. 


The Passy Bridge over the Seine River, France, is a beautiful struc- 
ture, comprising anchor, cantilever and suspended spans, and resembles 
a series of flat arches with semi-arch approach spans. The narrow por- 
tions between chords have solid webs with arched spandrel openings. 
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16. Some Esthetic Considerations. — The Pont do Frans^ over the 
Saone River, France, is one of the most beautiful exaraplos of a cantilever 
structure, exhibiting extreme grace of outline while conforming to struc- 
tural requirements (Fig. 32). In contrast to this is the Jubilee Bridge 
(Fig. 31) which is, taken as a v/hole, discordant, although the trusses hav(^ 
graceful outlines. The Red Rock cantilever (Fig. 33) lacks the graceful 


j ^ ^ 

300-—\ ^ 

Fig. 34. — Marietta Bridge. 

curves of the Pont de Frans, but is nevertheless, a beautiful struciun* in 
the same sense that the modern automobile, in comparison with thc^. early 
^^horseless carriage, is a beautiful object. Combining excellence of 
proportion with complete adaptation to conditions, it is a perf(KJt expres- 
sion of fitness. The Winona and Marietta bridges (P^igB. 34 and 35) are, 
compared with the Pont de Frans and the Red Rock cantilcv(ir, at the 
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Fig. 35. — Winona Bridge. 


other extreme of the scale. Lacking symmetry an<J graceful ouflitx'H 
and proportions — ^in fact, disregarding almost every rcciuiremcnt of 
beauty — ^they are almost fascinating for ugliness. 

If any criticism may be made of the Forth Bridge, Scotland, it is that 
the suspended spans are not in proportion to the massive cantilevers. 



Fig. 36. — Bridge over Danube River, Cernavoda, Houmuiiia. 

The Quebec Bridge, although consisting of straight lines instead of curves, 
is in the main structure excellently proportioned and impressive, bill 
the comparatively insignificant deck approach spans detract from its 
effectiveness as a whole. The good effect of the Beaver Bridge is partly 
offset by an unsymmetrical arrangement of approach spans. 

1 Seeffenie Oct. 31, 1903; "Annals de Pont et Chausseca,’’ 1 Trimostro, 1903. 


SECTION 6 

SUSPENSION BRIDGES 1 

COPYBIOHT, 1023, BY D. B. Stbintman 


STRESSES IN SUSPENSION BRIDGES 


1. The Cable. 

la. Fonn of the Cable for Any Loading . — A cable suspended 
between two points will assunae the outline corresponding to the equili- 
brium polygon of the applied loads (Pig. la). 

The end reactions (Ti and Ti) will be inclined and will have hori- 
zontal components H. If all the loads are vertical, H will be the same for 
both end reactions, and will also equal the horizontal component of the 
tension in the cable at any point. H is called the horizontal tension of 
the cable. 



Fra. 1. — The cablo as a funicular polygon. 


If M' is the bending moment produced at any point of the span by the 
vertical loads and reactions, calculated as for a simple beam, the ordinate 
of the cable curve at that point (measured from the closing chord) will be 


y 


M' 

H 


( 1 ) 


' Sec also Steinman’s “Suspension Bridges, Their Design, Construction, and 
Erection,” John Wiley & Sons, New York, 1922. 

19 2RQ 
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Since H is constant, the curve is simply the bending moment diagram for 
the applied loads, drawn to the proper scale. If / is the sag of the cable, 
or ordinate to the lowest point C, and if Me is the simple-beam bending 
moment at the same point, then H is determined by 

H = Y ( 2 ) 

To obtain the cable curve graphically, simply draw the equilibrium 
polygon for the applied loads, as indicated in Fig. la, 6. The pole dis- 
tance H must be found by trial or computation so as to make the polygon 
pass through the three specified points, A, B and C. The tension T at 
any point of the cable is given by the length of the corresponding ray of 
the pole diagram. the horizontal component of all cable tensions, 
is constant. If <p is the inclination of the cable to the horizontal at any 
point, 

T = H sec (p (3) 

It should be noted that the tensions T in the successive members of the 
polygon increase toward the points of support and attain their maximum 
values in the first and last members of the system. 

If V is the vertical shear at any section of the cable, the slope at that 
point will be 

V 

tan <p == (4) 


16. The Parabolic Cable. — If a cable carries a uniform dis- 
tributed load {w per horizontal linear unit), the resulting equilibrium 
curve is a parabola. The horizontal tension is 



(5) 


With the origin of coordinates at the crown, the equation of the curve is 



( 6 ) 


If the origin is taken at one of the supports (as A, Fig. 1), the equation 
becomes 


= 


(7) 


The maximum tension in the cable, occurring at either support, will be 
Tt = Vh^ + (Hwir (8) 


or 


wP j 

Ti = g^Vl + 16 w“ 

where n denotes the ratio of the sag / to the span 1. 

f 


(9) 


n = 


I 


( 10 ) 
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The inclination of the parabolic cable at the support is given by 

t&n<pi = ^ = 4:n ( 11 ) 

The exact length of the parabola between two ends at equal elevation 
is given by 

L = |(1 + ^ log.[4n + (1 + 16n==)^] (12) 

When a good table of hyperbolic functions is available, a more expeditious solu- 
tion is given by the equation 

L — "b (13) 

where u is defined by sinh v = 4n. 

An approximate formula for the length of curve is 

1/ = Z(1 4 (14) 

where n is defined by Eq. (10). F or small values of the sag-ratio n, it will 
be sufiiciently accurate to write 

L = Z(1 + Vzn^) (15) 

for the length of a parabolic cable in terms of its chord L 

The following table gives the values of L as computed by the exact and approxi- 
mate formulas, respectively. 


Sag-ratio 

Length ratio = y 


Exact (Eq. (12) or (13)) 

Approx. (Eq.(14)) 

0.05 

1.00662 

1.00663 

0.075 

1.01475 

1.01480 

0.1 

1.02603 

1.02603 

0.125 

1.04019 

1.04010 

0.15 1 

1.05693 

1.05676 

0.175 1 

1.07647 

1.07566 

0.2 ! 

1.09822 

1.09643 


Ic. Unsymmetrical Spans. — ^If the two ends of a cable span 
are not at the same elevation, the ordinates y should be measured verti- 
cally from the inclined closing chord AB (Fig, 2). If that is done, all of 
the principles derived above will remain applicable, and Eqs. (1) to (7), 
inclusive, may be kept unchanged. 

For a load uniform along the horizontal, the curve will be a parabola, 
and its equation, referred to the origin A and to the axis AB, will be as 
before 

V = f (! - .) 


( 7 ) 
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If it is desired to refer the curve to the horizontal line AD, with which 
the closing chord makes an angle a, the equation becomes 

y' - — a:) + a: tan a: (16) 

The lowest point of the curve, V, is located by the abscissa 

a:. = ^( 1 + ^ tan a) (17) 

To find the exact length of the curve, apply Eq. (12) or (13) to the 
segments VA and VB (Fig. 2), treating each of these segments as one- 
half of a complete parabola, and add the results. 



Fio. 2. — Unsymmetrioal parabolic cable. Pio. — Parabolic cable in side spun. 

An extreme case of the unsymmetrical parabolic curve occurs in the 
side-span cables of suspension bridges. Using the notation shown in 
Fig. 3, the equation of the curve may be written, similar to Eq. (7), 

yx = ^‘(Ix - *0 (18) 

Here, again, j/i and/i are measured vertically from the closing cliord, and 
Xi and h are measured horizontally. 

The true vertex of the curve or lowest point V will generally be found, 
by an equation similar to Eq. (17), to be outside point D (Fig. 3). The 
exact length of curve will be VA minus VD, or the difference between two 
semi-parabolas each of which may be calculated by Eq. (12) or (13). 

An approximate value of the cable length in a side span is given by 

+ 1 (19) 

where 

ni = (20) 

Similar to Eq. (1), the side span cable ordinates are given by 

AT' , , 

yi Jf ( 21 ) 

and, similar to Eq. (5), we have 

XT _ ^ 1 ^ 1 * 


( 22 ) 
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In order that the main and side spans shall have equal values of H, 
the necessary relation between the sags is 

f23) 

The stress at any point of the cable is given by Eq. (3) or by 

r = i?(l + tan^ (24) 

At the center of the side span, where Xi = and the inclination is 
equal to ai, 

T = 7f(l + tan^ai)^^ (25) 

At the support, where Xi = 0, the inclination of the cable is given by 

4/i 


tan <pi = tan ai + 


h 


(26) 


and the maximum stress in the cable is 

Ti = H sec <pi (27) 

Id. The Catenary. — If the load w is not constant per hori- 
zontal unit, but per unit length of the curve, as is the case when the load 
on the cable is due to its own weight, the cable curve is a catenary with 
the equation. 

1 


y 


2c 


(e** -t- c -‘* - 2) 


(28) 


where 


c — 


w 

ii 


Using hyperbolic functions, Eq. (28) may be written 

1 

y = - (cosh cx — 1) 
c 


(29) 


The total length of the catenary (between two ends at equal elevation) 
is given by 

1 cl cl 

L = ((52 - e~2) (30) 

c 


or, expressed in hyperbolic functions, 

L = - sinh ^ (31) 

C £j 

Equations (29) and (31) are useful in computations for the guide 
wires employed for the regulation of the strands in cable erection. If 
the length L is known, Eq. (31) may be solved for the parameter c, using 
a method of successive approximations, and the ordinates then obtained 
from Eq. (29). Good tables of hyperbolic functions will expedite the 
solution. 


The length from the vertex to any point of the catenary is also given by 

A “= ^ V^cy + 
c 

which may be used for unsymmetrioal catenaries. 


( 32 ) 
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The stress at any point will be 


or, in hyperbolic functions, 


r = ^ (e“ + e-“) 


T = H cosh ca. 


The last equation may also be written in the convenient form 

T = Mj/ + 7/ (35) 

At the span center, where j/ = 0, this gives T = H; and at the supports whore y - 
f, we have 

Ti=wf+U (30) 

If the sag-ratio (n = -j) is small, all of the formulas for the catenary 

may be replaced, with suflScient accuracy, by the formulius for paral)olic 
cables. 

le. Deformations of the Cable. — As a result of elastic, 
elongation, slipping in the saddles, or temperature changes, the length 
of cable between supports may alter by an amount AL-, as a result of tower 
deflection or saddle displacement, the span may alter by an amount Ai. 
The resulting center deflections, or changes in cable-sag, are then given by 

+ 16w(5 

and 

15 - 40n* -I- 288n'‘ , , 

ite Cs— 2wr ‘‘‘ 

For a change in temperature of t degrees, coefficient of expansion w, 
the change in cable length will be 

AL = utL (89) 

For any loading which produces a horizontal tension II, the (ilastic 
elongation will be, very closely, 

A T IHj / a i I \ 

f'EA 

where E is the coefficient of elasticity and A is the area of cross-sc.'ction 
of the cable. Another expression for the elastic elongation is 


a (■ + ¥»•) 


2. Unstiffened Suspension Bridges. — The unstiffened suspemsion 

bridge is not used for important strue- 

- |J irh-TT^TT^ — tures. The usual form, as indicated in 

/T^ '''f consists of a cable passing over 

(A— H — --Af /--4 two towers and anchored by backstays 

FiG.4.-UnstiffenedsuBpensionbridgo. toa firm foundation. Tho roadway is 
suspended from the cable by means of hangers or suspenders. As 
there is no stiffening truss, the cable is free to assume the equilibrium 
curve of the applied loading. 



Sec. 6-2ffl] 


SUSPENSION BRIDGES 


295 


2a. Stresses in the Cables and Towers. — If built-up chains 
are used, as in the early suspension bridges, the cross-section may be 
varied in proportion to the stresses under maximum loading. In a wire 
cable, the cross-section is uniform throughout. 

As the cable and hangers are light in comparison with the roadway, 
the combined weight of the three may be considered as uniformly dis- 
tributed along the horizontal. Let this total dead load be w lb. per lin. 
ft. The cable will then assume a parabolic curve; and all of the relations 
represented by Eqs. (5) to (15) will apply. 

For a uniform live load of p lb. per lin. ft., the maximum cable stress 
will occur when the load covers the whole span, and will have a value 

= ly' (1 + (42) 

Adding the dead load stress, we obtain the total stress in the cable at the 
towers: 

r<»+p) = (1 + . (43) 

If oil is the inclination of the backstay to the horizontal (Fig. 4), 
the stress in the backstay will be 

Ti = II sec ai (41) 

If cable and backstay have equal inclinations at the tower, their 
stresses, represented by Eqs. (43) and (44), will be equal. 

The vertical reaction of the main cable at the tower is {w -f p) 

If the backstay has the same inclination as the cable, it will also have 
the same vertical reaction, so that the total stress in the tower will be 

T = («) 4- p)l (45) 

25. Deformations under Central Loading. — Under partial 
loading, the xxnstiffened cable will be distorted from its initial parabolic 
curve. It is required to find the de- 
flections produced by the change of 
curve, disregarding for the present 
any stretching of the cable or any 
displacement of the saddles. 

The maximum vertical deflection at 
the center of the cable will occur when 
a certain central portion of length U is covered with live load p, in 
addition to the dead load w covering the whole span (Fig. 5). 





Fig. 5. — ^Ijoading for maximum vertical 
deflection. 
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For different values of the load ratio we obtain the following values 
for the maximum crown deflection A/ : 


0 

II 




1 

2 1 1! 

1 

!i il 

0 

0 

0.64 

0.013 

0.30 

0.022 

0.28 

0.028 

0.25 

0.04.5 

0.23 

0.067 

0.21 

0.080/ 


From this table we obtain the following empirical values, sufficiently 
accurate between the limits 3 = - = to 4: 


k = 0.20 + (46) 

A/ = (0.007 + 0.0463 - 0.00753*)/ j 
2c. Deformations under UnsyTtnmetrical Loading. — The 
greatest distortion of the cable from symmetry, represented by the 

maximum horizontal displacement of the low 
point or vertex, 7, will be produced by a con- 
tinuous uniform load extending for some dis- 
tance kl from the end of the span (Fig. 6). 
The maximum deviation e of the crown 7 from 
!Fig. 6.^“ Maximuni hori- the center of the span O will occur when the 
zontai displacement of the head of the moving load reaches the low point 

crown. Tr j • • u 

7, and is given by 



£ 

I 




(47) 


The uplift of the cable at the center of the span will then amount to 

(48) 


-/-(rTT.)V 


We thus obtain the following values: 


For ^ M 
w 



1 


2 

■ 

4 

e = 0.028 
A/ = 0.003 

0.036 

0.004 

0.051 

0.008 

0.086 

0.021 

0.105 

0.030 

0.134 

0.045 

0.167 

0.062 

0.1011 

0.076/ 


2d. Deflections Due to Elongation of Cable. — The total 
length of cable including the backstays is 

L + 2Li - f (1 + n* - 2 I 1 sec ai 


(49) 
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For a change in temperature of t degrees, the total elongation of cable 
will be 

AL = ut(L + 2Li) (50) 

For the elongation of the cable due to elastic strain, we may write 

In addition there may be a contribution to AL from yielding of the 
anchorages. 

If the cable is capable of slipping over the fixed saddles, the resulting 
deflection Af is obtained by substituting the above values of AL in Eq. 
(37). 

If, however, a displacement of the saddles will occur before the cable 
will slip, any elongation of the backstays will alter the span I but not the 
length L of the cable in the main span. In that case, the combined 
effects of temperature and elastic strain will give : 

AL = caiL + 

and 

Al = — 2 secou^cotZi sccai + ^^-scc*ai) (53) 


The resulting deflection Af of the main cable will be : 


24 ^ 8 )^'^ 


15 - 40n* + 288n^ 

'■T6(5T- 24n»r ^ 


3. Stiffened Suspension Bridges. — ^In order to restrict the static 
distortions of the flexible cable discussed in the preceding pages, there is 
introduced a stiffening truss connected to the cable by hangers (Figs. 
7, 13). The side spans may likewise be suspended from the cable (Figs. 
10, 14), or they may be independently supported; in the latter case the 
backstays will be straight (Figs. 13, 16). The main span truss may be 
simply supported at the towers (Figs. 10, 13), or it may be built continu- 
ous with the side spans (Figs. 14, 16). A hinge may be introduced at the 
center of the stiffening truss in order tq make the structure statically 
determinate (Fig. 8), or to reduce the degree of indeterminateness. 

Another form of stiffened suspension bridge is the “braced-chain” 
or “suspension truss” type. Instead of using a straight stiffening truss 
suspended from a cable, the suspension system itself is made rigid enough 
to resist distortion by building it in the form of an inverted arch (Figs. 
17, 18, 19, 20). 
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For ease of designation, it will be convenient to adopt the following 
symbolic classification of stiffened suspension bridges based on the number 
of hinges in the main span of the truss : 


Stiffened suspension 
bridges 


Continuous 


One-hinged 

StiJGfening truss j 

Two-hinged 


Three-hinged 

Hingeless 
(Fig. 20) 
One-hinged 
Braced chain ^ Two-hinged 
(Fig. 19) 
Three-hinged 


Side span free = OF 
(Fig. 16) 

Side span suspended « OaS^ 
(Fig. 14) 

Side span free » 

Side span suspended = is 

Side span free « 2F 

(Fig. 13) 

Side spaii suspended » 2*S' 
(Fig. 10) 

Bide span free » 3F 

(Fig. 8) 

Bide span suspended » 3*S' 
« OB 

» 1 /^ 

2B 


SB 

(Figs. 17, 18) 


In Types 2F and 3F, the side spans are not related to the nuun elernenf-H of the 
structure and may therefore be omitted from consideration. Hence these types are 
called ^^single-span bridges.” 


The suspension bridges with straight stiffening trusses will b(i pre- 
sented first. 

3a. Assumptions Used. — In the theory tliat follows, we adopt 
the assumption that the truss is sufficiently stiff to render the deformations 
of the cable due to moving load practically negligible; in other words, we 
assume, as in all other rigid structures, that the lever arms of thes applhnl 
forces. are not altered by the deformations of the system. The resulting 
theory is the one ordinarily employed, and is sufficiently accurate for all 
practical purposes; any errors are generally small and on the side of safety. 

If the stiffening truss is not very stiff, or if the span is long, the deflec- 
tions of truss and cable may be too large to neglect. To provide for such 
cases, there has been developed an exact method of calculation which takes 
into account the deformations of the system. For lack of space, this 
Exact Theory” will not be presented here, but the interested reader is 
referred instead to other works on the subject.^ 

1 Melan-Steinman, 'Theory of Arches and Suspension Bridges*” pp. 76 to Sil 
McGraw-Hill Book Co., 1913. » 

Johnson, Bryan and Turneaure, “Modern Framed Structures,” Fart IL 
pp. 276 to 318, John Wiley & Sons, 1911. 

Burr, “Suspension Bridges,” pp. 212 to 247, John Wiley 4 Boris, 1013. 
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The common theory developed in the following pages for the analysis of suspension 
bridges with stiifening trusses is based on five assumptions, which are very near the 
actual conditions: 

(1) The cable is supposed perfectly flexible, freely assuming the form of the 
equilibrium polygon of the suspender forces. 

(2) The truss is considered a beam, initially straight and horizontal, of constant 
moment of inertia and tied to the cable throughout its length. 

(3) The dead load of truss and cable is assumed uniform per lineal unit, so that the 
initial curve of the cable is a parabola, 

(4) The form and ordinates of the cable curve are assumed to remain unaltered 
upon application of loading. 

(5) The dead load is carried wholly by the cable and causes no stress in the stiffen- 
ing truss. The truss is stressed only by live load and by changes of temperature. 

The last assumption is based on erection adjustments, involving regulation of the 
hangers and riveting-up of the trusses when assumed conditions of dead load and 
temperature are realized. 

36. Fundamental Relations. — Since the cable in the stiffened 
suspension bridge is assumed to be parabolic, the loads acting on it must 
always be uniform per horizontal unit of length. All of the relations 
established for a uniformly loaded cable (Eqs. (5) to (27)) will apply in 
this case. 




Fig, 7. — Forces acting on the stiffening truss. 

If the panel points are uniformly spaced (horizontally), the suspender 
forces must bo uniform throughout (Fig. 7). These suspender forces 
are loads acting downward on the cable, and upward on the stiffening 
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truss. It is the function of the stiffening truss to take any live load that 
may be arbitrarily placed upon it and distribute it uniformly to the 
hangers. 

The cable maintains equilibrium between the horizontal tension H 
(resisted by the anchorages) and the downward acting suspender forces. 
If these suspender forces per horizontal linear unit are denoted by s, 
they are given by 

s = (55) 

The truss (Fig. 7) must remain in equilibrium under the arbitrarily 
applied loads acting downward and the uniformly distributed suspender 
forces acting upward. If we imagine the last forces removed, then the 
bending moment and shear F' at any section of the truss may be 
determined exactly as for an ordinary beam (simple or continuous as the 
truss rests on two or more supports) . 

If the stiffening truss is a simple beam (hinged at the towers), the 
bending moment at any section due to the suspender forces is 

= Hy (56) 

and the total moment at the section will be 

M -Hy (57) 

where y is the ordinate to the cable curve measured from the straight 
line joining A' and S', the points of the cable directly above the ends of 
the truss (Fig. 7). 

If <p is the inclination of the cable at the section considered, the shear 
produced by the hanger forces is given by 

F, = jff (tan (p — tan a) (58) 

and the total shear will be 

F = F' — ff(tan <p — tan a) (59) 

where a is the inclination of the closing line A 'S' below the horizontal 

(generally zero). 

In Eqs. (57) and (59), the last term represents the relief of bending 
moment or shear by the cable tension S'. 

Representing JIf' by the ordinates y^ of an equilibrium polygon or 
curve constructed for the applied loading with a pole distance = S, Eq, 
(57) takes the form 

M = S( 2 /' - y) (60) 

Hence the bending moment at any section of the stiffening truss is repre- 
sented by the vertical intercept between the axis of the cable and the 
equilibrium polygon for the applied loads drawn through the points 
A'S' (Fig. 7). 
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If the stiffening truss is continuous over several spans, the relations represented 
by Eqs. (56) to (60), inclusive, must be modified to take into account the continuity 
at the towers. The corresponding formulas will be developed in the section on con- 
tinuous stiffening trusses. 


3c. InfLuence Lines. — To facilitate the study and determina- 
tion of suspension bridge stresses for various loadings, influence diagrams 
are most convenient. 

The base for all influence diagrams is the H-curve or H-influence line. 
This is obtained by plotting the equations giving the values of ff for 
varying positions of a unit concentration. In the case of three-hinged 
suspension bridges, the F-influence h’ne is a triangle (Figs. 8 and 9). 
In the case of two-hinged stiffening trusses, the 2?-lines (Figs. 10, 12) 
are similar to the deflection curves of simple beams under uniformly 
distributed load. In the case of continuous stiffening trusses, the fl'-line 
(Fig. 14) is similar to the deflection curve of a three-span continuous 
beam covered with uniform load in the suspended spans. 

To obtain the influence diagrams for bending moments and shears, 
all that is necessary is to superimpose on the ff-ourve, as a base, appro- 
priately scaled influence lines for moments and shears in straight beams. 

For this purpose, the general expression for bending moments at 
any section (Eq. (57)) is written in the form 

M = - //) (61) 


(excepting that in the case of continuous stiffening trusses, y is to be 

M' 

replaced byy — e/; see Eq. (158)). For a moving concentration, - repre- 

y 

sents the moment influence line of a straight beam, simple or continuous 
as the case may be, constructed with the pole distance y. If this influence 
line is superimposed upon the //-influence line (Figs. 86, 106, 10c, 146), 
the intercepts between them, multiplied by y, will ^ve the desired bending 
moments M. In the case of stiffening trusses with hinges at the towers, 
M' is the same as the simple-beam bending moment, and its influence 
line is simply a triangle whose altitude at the given section is 


M' I 

y 4 / 


(62) 


M' 

The triangles for all sections will have the same altitudes (Figs. 

^ Z 

86, 106). The corresponding altitude for sections in the side spans is ^ 

M' 

(Fig. 10c). The area intercepted between the /f-line and the ~ 


triangles, multiplied by py, give the maximum and minimum bending 
moments at the given section x of the stiffening truss. Areas below the 
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ij-line represent positive moments, and those above represent negative 
moments (Figs. 8, 10, 14). Where the two superimposed lines intersect, 
we have a point if, which may be called the zero point, since a concen- 
tration placed at K produces zero bending stress at x, K is also called 
the critical point, since it determines the limit of loading for maximum 
positive or negative moment at x. Load to one side of K yields plus 
bending, and load to the other side produces negative bending. 

The expression for shear at any section of the stiffening truss, (Eq. 
(59)), is written in the form : 

7 = [ Jfl (tan <p - tan a) (63) 

Ltan (p — tan a J 

where a, the inclination of the closing chord, is generally zero. For any 
given section x, the slope of the cable is constant and is given by 

tan <p — tan a =—~(l — (64) 


The values assumed by the bracketed expression in Eq. (63) for different 
positions of a concentrated load may be represented as the difference 
between the ordinates of the ff-line and those of the influence line for 7', 

the latter being reduced in the ratio t The latter influence 

® tan <p “ tan a 

line is obtained by drawing two parallel lines as and bt (Figs. 9a, 96, 12a), 
their direction being fixed by the end intercepts 


am = bn 


1 

tan <p — tan a 


(65) 


The vertices s and t lie on the vertical passing through the given section x. 
The maximum shears produced by a uniformly distributed load are 
determined by the areas included between the H and 7' influence lines; 
all areas below the ff-line are to be considered positive, and all above nega- 
tive. These areas must be multiplied by p(tan (p — tan a) to obtain the 
greatest shear 7 at the section; and 7 must be multiplied by the secant 
of inclination to get the greatest stress in the web members cut by the 
section. 

4. Three-hinged Stiffening Trusses. 

4a. Analysis. — This is the only type of stiffened suspension 
bridge that is statically determinate. The condition of zero bending 
moment at the central hinge enables H to be directly determined. The 
value of H for any loading is equal to the simple-beam bending moment 
(MoO at the center hinge divided by the sag/: 

H-y- 


( 66 ) 
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The cable will receive its maximum stress when the full span is covered 
with the live load p. In that case 


and 



(67) 


s — p 


( 68 ) 


Hence, under full live load, the conditions are similar to those for dead 
load, the cable carrying all the load and the trusses having no stress. 
At any section, M = Q and F = 0. 

For a single load P at a distance kl from the near end of the span, 
the value B will be 



(69) 


This value of H will be a maximum for fc = M, yielding 

Max. H = ^ ■ (70^ 

The influence line for H is a triangle defined by Eq. (69), and its altitude 

(at the center of the span) is given by Eq. (70) as Figures 86 and 9a 

show the iJ-line constructed in this manner. 

If the truss is uniformly loaded for a distance kl from one end, the 
value of 27 will be: 


for k<y 2 , H = ^(fc*) 

(71) 

for H = ^-.(4k - 2k^ - ,1) 

ojr 

(72) 

For the half-span loaded, we find 


11 

(73) 

and 


s = Mp 

(74) 


Onc-half of the span is thus subjected to an unbalanced upward load, s = Kp, per 
lineal foot, and the other half sustains an equal downward load, p — s = )4v- Tbe 
maximum moments for this loading, occurring at the quarter points (b = x = 
will be 

Max. M = ± HipP = ±0.01562pf® (76) 


46. Moments in the Stiffening Truss. — The influence 
diagram for bending moments at any section x is constructed by super- 
M' 

imposing the triangle upon the 27-infiuence triangle, as shown in 
Fig. 86 
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The two influence triangles intersect a short distance to the left c 
center, giving the zero point or critical point K. 

Since the two superimposed triangles have tho same base and ( 
altitudes, the plus and minus, intercepted areas will be equal Hen 
the whole span is loaded, the resultant bending moment at any se 

a; will be zero. ^ ^ . 

If either of the shaded areas is multiplied by py, it will giv< 

maximum value of the bending moment at a;. 

The distance kl to the critical point K (Fig. 8&) is defined by 


h ^ 

^ dl-2x 



Fig. 8. — Three-hinged stiffening truss (Typo Moment 


With this distance loaded, we obtain the maximum value of M fo 
value of z. 


Max. M = 


px{l — z)(,l — 2ar) 
2(3Z ' 


The absolute maximum M occurs at a; = 0.234Z when k »■ 0.30£ 
amounts to 

Abs. Max. M = +0.01883pZ* 

or about 

After the maximum moments at the different sections along th( 
are evaluated from the influence lines or from Eq. (77), they m 
plotted in the form of curves as shown in Fig. 8c. For the threo-l 
stiffening truss, these maximum moment curves are symmetrical 
the horizontal axis. They serve as a guide for proportionmg the 
sections of the stiffening truss. 

4c. Shears in the Stiffening Truss. — The shears pre 
in the stiffening truss by any loading are given by Eq, (69) ; but the 
mum values at the different sections are most conveniently deter 
with the aid of influence lines (Fig. 9) . 
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The influence line for H is a triangle with altitude = ^ at the center 

of the span. Upon this is superimposed the influence line for shears 
in a simple beam, reduced in the ratio 1 : tan <p. The resulting influence 

diagram for shear 7 at a ^ven section a: < ^ is shown in Fig. 9a. There 


are two zero points or critical points at x and at M. The latter point K 
is given by 

1 

, X 


k = 


3-4 


InfJmcff Dio^nml | 
ferMaa * M </»1 


M/imee Dia^nm 
hr Shears 



L 

p Inthcr^ Unt 

^Influence Lint for iun^ 



(79) 


Mmamum 

6heQr 

Currea 


Fio. 9. — Shear diagrams for three-hinged stiffening truss (Type 3F). 


With the load covering the length from x to ftZ, we obtain the maximum 
positive shear at x: 


Max. V 


2 


3? 4-4^ 


(80) 


When a: = 0, or for end-shear, k = Ki and we obtain: 

Abs. Max. V = ^ (81) 

When X = we find k = K, and 

Max. ■P" = fg (82) 

For x>}4> the influence diagram takes the form shown in Fig. 96. There 
is only one zero point, namely at the section x. Loading all of the span 
beyond x, we obtain the maximum positive shear: 

Max. y =^*(3-4~) (83) 

2D 
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This has its greatest value for x = or at the center, where it becomes 

Max. F = ?? (84) 

The maximum negative shears throughout the span have values 
identical with Eqs> (80) to (84), but with opposite signs. 

Figure 9c gives curves showing the variation of maximum positive and 
negative shears from end to end of the span. The curves are a guide for 
proportioning the web members of the stiffening truss. 

If the two ends of the cable are at unequal elevations, the foregoing results for 
shear (Eqs. (79) to (84), inclusive) must be modified on account of the necessary 
substitution throughout of (tan <p — tan a) for tan <p as required by Eq. (59). 

6. Two-hinged Stiffening Trusses. 

6u. Determination of the Horizontal Tension H. — In these 
bridge systems, the horizontal tension H is statically indeterminate. The 
equation for the determination of jff is therefore deduced from the elastic 
deformations of the system. . 



The expression for H consists of a fraction whose numerator depends 
upon the loading and whose denominator {N) depends upon the constants 
of the structure. This denominator, for a two-hinged stiffening truss, 
is given by 

= “(1 + 2 irv^) + ^ ^ . y (1 + Sn^ + | tan ^a.) 

f\J Jp 7 

+ sec’«i(l -b8ni^) (85) 
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where (see Fig. 10a) : 


I = length of main span of stiffening truss. 
li = length of side span of stiffening truss. 
/ = vertical sag of cable in main span Q). 
fi = vertical sag of cable in side span (h). 


I — average moment of inertia of truss in main span. 
1 1 = average moment of inertia of truss in side span. 


i 



fi 

f 


A = cable section in main span. 

Ai = cable section in side span (generally equal to A). 
E = coefficient of elasticity of material of truss. 

Ee = coefficient of elasticity of material of cable. 

V = span of cable, center to center of towers 
(which may be somewhat greater than Z). 
h = horizontal distance from tower to anchorage 
(which may be somewhat greater than h). 
a = inclination of cable chord in main span. 

«i = inclination of cable chord in side span. 


In the expression for N, (Eq. (85)), the first term is derived from the bending of the 
stiffening truss, and the other two terms from the stretching of the cable in main and 
side spans, respectively. The truss term contributes about 95 per cent, and the 
cable terms only about 5 per cent of the total. Hence certain approximations are 
permissible in evaluating the cable terms. Terms for the towers and hangers have 
been omitted as their contribution to the value of N would be only a small decimal 
of 1 per cent. 


For a concentration P at a distance kl from either end of the main 
span, the value of the horizontal tension will be 

// = ^.5(/c).P (86) 

where N is given by Eq. (85), and the function 

B{k) = kil - 2k^ + k») (87) 

and may be obtained directly from Table 1 or from the graph in Fig. 11. 
The above value of H is a maximum when the load P is at the middle of 
the span; then Zb = and Eq. (86) yields 


Max. H = 


A _L 

l&'Nn 


■ P 


( 88 ) 


Similarly, for a concentration P in either side span, at a distance h h 
from either end, 


H :=~-.irh.B(ki).P 


(89) 
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where B{ki) is the same function as defined by Eq. (87). This value of 
H is a maximum when the load P is at the middle of the side span; then 
and Eq- (89) sdelds 

Max. = (90) 


Table 1. — Fttnctions Occtjrring in Suspension Bridge Formulas 


j 

//-influence 

line 

1 Critical 

1 points 

Minimum moments 

I H for uniform 

1 loads 

Shears 


k 

Bik) 

C-Ci) 

nw 

Fik) 

G{k) 

k 



(2-A-4A;2+3A;»)(l~ife)2 


:%(1-A)9-C1 -k)^+l 


0 

i ^ 

I 0 

2.0000 

0 

0.4000 

0 

0.05 

i 0.0498 

i 0.0524 

1.7511 

0,0062 

0.4404 

0.05 

0.10 

0.0981 

; 0.1090 

1.5090 

0.0248 

0.4816 

0.10 

0.15 

0.1438 

1 0.1691 

1.2790 

0.0550 

0.5232 

0 15 

0.20 

0.1856 

i 0.2320 

1.0650 

0.0963 

0.5648 

G.20 

0.25 

0.2227 

i 0.2969 

0.8704 

0.1474 

0.6062 

0.25 

0.30 

0.2541 

I 0.3630 

0.6962 

0.2072 

0.6472 

0.30 

0,35 

0.2793 

i 0.4296 

0.5445 

0.2740 

0.6874 

0.35 

0.40 

0.2976 

i 0.4960 

0.4147 

0.3462 

0.7264 

0,40 

0.45 

0.3088 

1 0.5614 

0.3065 

0.4222 

0.7640 

0.45 

0.50 

0.3125 

i 0.6250 

0.2188 

1 0.5000 

0.8000 

0.50 

0.55 

0.3088 

! 0,6861 

0.1497 

S 0.5778 

0.8340 

0.55 

o.ao 

0.2976 

1 0.7440 

0.0973 

0.6538 

0.8656 

0.60 

0.65 

0.2793 

i 0.7979 

0.0593 

0.7260 

0.8946 

0.65 

0.70 

0.2541 

I 0.8470 

0.0332 

0.7928 

0.9208 

0.70 

0.75 

0.2227 

0.8906 

0.0166 

0.8526 

0.9438 

0.75 

O.SO 

0.1856 

0.9280 

0.0070 

0.9037 

0.9632 

0.80 

0.S5 

0.1438 

0.9584 

0.0023 

0.9450 

0.9788 

0.85 

0.20 

0.0981 ; 

0.9810 

0.0005 

0.9752 

0.9904 

0.90 

0.95 

0.0498 1 

0.9951 

0.0003 

0.9938 

0.9976 

0.95 

1.00 


1.0000 

0 

1.0000 

1.0000 

1.00 


By plotting Eqs. (86) and (89) for different values of k and ki, we 
obtain the ff-curves or influence lines for H (Figs. 10, 12). The maxi- 
mum ordinates of these curves are given by Eqs. (88) and (90). 

For a uniform load of p lb. per ft., extending a distance kl from either 
end of the main span, we find 

where the function 

Fk = ^(ky -%k'+k^ (92) 

and may be obtained directly from Table 1 or from the graph in Fig. 11 
For k = \, F(k) = 1. 

For similar conditions in either side span, we find, for a loaded length 

kih, 

where F(ki) is the same function as defined by Eq. (92). 


( 93 ) 
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The horizontal component of the cable tension will be a maximum 
when all spans are fully loaded (A = 1 and k-i = 1), giving 

Total H = g^(l + 2ir^v)‘pl (94) 



For a live load covering a portion JK of the main span, from x ^ jlijox * hl^ 

n ^ ^]^^\F{k)-F(j)]pl (96) 

The graph of F{k) in Fig, 11 shows the proportional increase in the value of E as 
a uniform load comes on and fills the main span (or either side span). 
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Sb. Moments in the Stiffening Truss. With all throe 
spans loaded, the bending moment at any section of the main span will bo 

Total M = ^pxQ — a:) 1^1 — ^ (1 + (90) 

and, at any section of the side spans. 

Total Ml = ^Xiih — xi) 1^1 — + 2tr^») ^, 2 ] (97) 

The influence diagrams for bending moment are constructed, in 
accordance with Eq. (61), by superimposing the influence triangle for 

on the H-influence curve: The Zf-curve is plotted with ordinates 

y 

M' 

given by Eqs. (86) and (89); the — triangles have a con.stant height, 
Z I ^ 

in the main span and in the side spans. TIic rcsvdting influenc(! 

diagrams are shown in Figs. 106 and 10c. The intercepted areas, 
multiplied by py, give the desired bending moments; areas below the 
Zf-curve represent positive or maximum moments, and those above repre- 
sent negative or minimum moments. 

For any section in the main span there is a zero point or critical 
point K (Fig. 106), represented by the intersection of f.he suiK^riinposed 
influence lines. The distance ZcZ to this critical point is given by the 
relation 

CQc) = = Nn ® (98) 

Values of the function C (fc) are listed in Table 1 and plotted in a graph 
in Fig. 11, to facilitate the solution of Eq. (98) for k. 

The maximum negative moment at any section of the main span is 
obtained by loading the length l—kl in that span and completely loading 
both side spans; this yields 

Min. M = - [D{k) -f 4o-='(j] (99) 

where the function 

DQc) = (2 - A - 4/b* -f 3/i:3)(l - kY (1(K)) 

and is given, for different values of k, by Table 1 and by the graph in 
Fig. 11. The value of fc obtained from Eq. (98) is to be used. 

For the sections near the center of, the span, from a' • Z to Z - x', there are 

two critical points (see dotted diagram. Fig. 106); it is nccossary to bring on some loud 
also from the left end of the span; consequently for these sections there must be added 
in Eq. (99) to D(Z:) corresponding to the given section x the value of D(k) oorresfiond- 
ing to the symmetrically located section (Z — x). 

The maximum positive moments are given by the relation 

Max. M = Total ikf — Min. M flOl) 
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The loading corrresponding to this moment is indicated in Fig. 106; only 
a portion of the main span is loaded, the side spans being without load. 

There are no critical points in the side spans. For the greatest 
negative moment at any section Xi in one of the side spans, load the other 
two spans (Fig. 10c), giving 

( 102 ) 

Loading the span itself produces the greatest positive moments, 
which are obtained by the relation 

Max. Ml = Total Mi — Min. Mi (103) 

The maximum and minimum moments for the various sections of a 
stiffening truss (Type 25), as calculated from Eqs. (99), (101), (102), 
(103), are plotted in Fig. lOd, to serve as a guide in proportioning the 
chord members. 

6c. Shears in the Stiffening Truss. — With the three spans 
completely loaded, the shear at any section x in the main span will be, 

Total V = \ p{l - 2x) [l - ^(1 + 2irH)\ (104) 

and, in the side spans, 

Total Fi = \ vih - 2z0 [l " • ^2 • (1 + (105) 



f^?(imum5f}earsm ManSfm 


<Siae Span 

Fig. 12. — Shear diagrams for two-hinged stiffening truss (Type 25). 

The influence diagram for shear at any section is constructed accord- 
ing to Eq. (63) by superimposing on the fi'-curve (Eqs. (86) and (89)) 
7 ' 

the influence lines for ^ The latter will have end intercepts = cot ^ 

where <p is the slope of the cable at the given section. The resulting 
influence diagram is shown in Fig. 12a. The intercepted areas multiplied 
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by p tan (p, give the desired vertical shears V. Areas below the //-curve 
represent positive or maximum shears, and areas above represent negative 
or minimum shears. 

Loading the main span from the given section x to the end of the 
span, we obtain the maximum positive shears by the formula: 

Ma.. y - ipi(l - ?)■ [l - |(i - ?) . 0 ( 5 )] (106) 

where the function 

and is given by Table 1 and the graph in Fig. 11. 

For the sections near the ends of the span, from x = 0toa: = the loads 

must not extend to the end of the span to produce the maximum positive shears, but 
must extend only to a point 12a) whose abscissa x — kl is determined by the 

following equation: 

C(fc) =k+k^-k^=^ -J-— (108) 

For these sections, the positive shears given by Eq. (106) must be increased by an 
amount: 

Add. V = \vl(X - kY • [|(^ - f) ■ Gik) - l] (109) 

where the function 

(?( fc ) = I (1 - ft )» - ( 1 -!;)> + 1 ( 110 ) 

and, like the same function in Eq. (107) is given by Table 1 and the graph in Fig. 11. 

Equation (108) for the critical section is also solved with the aid of Table 1 or the 
graph in Fig. 11. 

There are no critical points for shear in the side spans. The influence 
diagram Fig. 126 shows the conditions of loading. For maximum shear 
at any section Xi, the load extends from the section to the tower, giving 

Max. F. - i pi. ( 1 - i!)’ [l _ * (1 - S) . e (*.)] (Ill) 

where G (^) is the same function as defined by Eqs. (107) and (110). 

The maximum negative shears in main and side spans are given by 
the relations 

Min. 7= Total F-Max. F (112) 

and 

Min. Fj = Total Fi — Max. Fi (113) 

The maximum positive and negative shears for different sections 
of the main and side spans, as given by Eqs. (106), (109), (111), (112) 
and (113), are plotted for a typical suspension bridge, in Kg. 12c, to 
serve as a guide in proportioning the web members. 
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M. Temperature Stresses. — The total length of cable 
between anchorages is, by Eqs. (15) and (19), 

L = l{l +\ri^)+2l i(sec «i + | ^-) (114) 

Corrections should be added to this value of L for any portions of the 
cable not included in the spans I or h. 

Under the influence of a rise in temperature, the total increase in 
length between anchorages will be 

A = culL (llfl) 


and the resulting cable tension will be 


. OitJj 

I^IT 


(116) 


whore N is given by Eq. (85) and L by Eq. (114). (For an extreme 
variation of t = ± 60° F., Scat = 11,720.) 

The resulting bending moment at any section of the truss is given by 


Mt - —Hty 


(117) 


and the vertical shear by 

Vt = — //t(tan <p — tan a) (118) 

where tp is the inclination of the cable at the given section, and a is the 
inclination of the cable chord (see Eq. (64)). 

5e. Deflections of the Stiffening Truss. — For any specified 
loading, the deflections of the stiffening truss may be computed as the 
difference between the downward deflections produced by the applied 
loads and the upward deflections produced by the suspender forces, the 
stiffening truss being treated as a simple beam (for Types 2F and 2/S). 
The suspender forces are equivalent to an upward acting load, uniformly 
distributed over the entire span, and amounting to 

s = (55) 


For a uniform load p covering the main span, the resultant effective 
load acting on the stiffening truss will be 

P - s = p(l - 5 ^) (11^) 


and the resulting deflection at mid-span will be 

5 8 \pl* 

384 V mJWl 


d 


( 120 ) 


l^OT any loading, the upward deflection at any section x due to the suspender 
forces will be 
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where the function s( f) is defined by Eq. (87). If d' is the downward deflection at 

the same section due to the applied loads, the resultant deflection will be 

d = d' -d" (122) 

If merely the half-span is loaded with p per unit length, the deflection at the quarter 
point will be, in the loaded half, 

■ 57 pP 

■ 2 ■ 5N/ El 


^ ~ 6 , 144 ( 

and, in the unloaded half, 

d= - 


31 


1 


/57 ^ 

6,144\2'5iV' 

Whatever the value of the structural constant W, the relative deflection of the two 


quarter points will be, for this loading, 

d = 




384 El 


- 26 ^ 

;W,t 

ay 


pp 

El 


(123) 

(124) 


(125) 


The deflections produced by temperature effects or by a yielding of the 
anchorages are given by 

where the function b(j) is defined by Eq. (87) and is given by Table 1 
andthegraphinFig.il. 

6/. Straight Backstays (T^/pe 2F).—If the stiffening truss 
is built independent of the cables in the side spans (Fig. 13), the backstays 


I 



Fig. 13. — Two-hinged stiffening truss with straight backstays (Type 2F), 


will be straight and fi = 0. Consequently all terms containing /i, pi, 

ni = y, or !) = ^ will vanish in Eqs. (85) to (126), inclusive. 

H J 

The side spans will then act as simple beams, unaffected by any 
loads in the other spans; and the main span and cable stresses will be 
unaffected by any loads in the side spans. 

The denominator of the expression for ff (Eq. 85) will then reduce to 


2v = ? -1- 

5^ AP 


61 


'b. 


sec* oLi 


(127) 


'f;'r(i+8«^)+2-^ 

Equations (89), (93), and (102) will vanish. 

The maviTnum value of H wiU be produced by a uniform load p 
covering the main span, and will be, by Eq. (94), 

= 

5Nn 


Total ff 


(128) 
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The bending moment at any section x of the main span will then be, 
by Eq. (96), 

Total ilf = (129) 

The greatest negative bending moment will be, by Eq. (99), 

Min.M^ (130) 

The greatest positive moment is then given by 

Max. M = Total M — Min. M (101) 

In the side spans, there will be no negative moments. The greatest 
positive moments will be 

Max. Ml = Total Mi = — aii) (131) 

With load covering the entire span, the shears in the main span will 
be, by Eq. (104), 

Total 7 = HpH - 2x) (l - (132) 

and, in the side spans, by Eq. (105), 

Total Vi = }4Pi(h ~ 2a:i) (133) 

The maximum shears in the main span will be given by Eqs. (106), 
(108) and (109). In the side span, the maximum shears will be, by Eq. 
(Ill), 

Max. Vi = (134) 

exactly as in a simple beam. 

The total length of cable will be, by Eq. (114), 

, L =r(l+ |n*) + 2 Z 2 -secai (135) 

and the temperature stresses are then given by Eqs. (116), (117) and 

(118), 

6, Hingeless Stiffening Trusses {Types OF and OS). 

6a. Fundamental Relations. — Hingeless stiffening trusses 
arc continuous at the towers; hence there will be bending moments in the 
truss at the towers (Pig. 14a). 

■ For any loading, the resultant bending moments in the main span 
will be given by (Pig. 15): 

M = Mo+ ^~~Mi + ® • Mj - H{y - ef) (136) 

and, in the side spans, by : 

M = Mo + ^ • Ml, 2 - F (yi - I • e/) 


(137) 
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where : 

Mo = the simple-beam bending moment at the « 
due to the downward loads. 

Ml, Mi = the bending moments at the towers, di: 
downward loads. 

e = a constant of continuity defined by 
_ 2 + 2irv 
® “ 3 + 2ir 

The ratio-constants i, r, and v are defined under Eq. (85). Tb 
Xi is measured from the free end of the span and yi is the vertics 
of the side cable below the connecting chord D'A' (Fig. 14a). 

If any span is without load, Mo for that span will vanish. 



Fig. 14. — Moment diagram for continuous stiffening truss (Type 04; 

The term containing H in Eq. (136) or (137) represents the 
M, produced by the upward-acting suspender forces. The ot 
give the moment M' due to the downward-acting loads (M = i! 

For any loading, the resultant shears in the main span wil 
by: 

F = 7o + — fl'(tan <p — tan a) 

and, in the side spans, by: 

F = 7o ± ^ - H(tan - tana: - f) 

where: 

Fo = the simple beam shear at the section, due to the downv 
and the other symbols are as defined above. 

If any span is without load, Fo for that span will vanish, 
towers are of equal height, then, in the main span, a = 0. 

66. Moments at the Tower {Types OF and ( 
values of the end moments Mi and Mi, used in Eqs. (136) 
may be determined for any given loading, by the Theorem 
Moments. 
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For a concentration P in the main span, at a distance hi from the left 
tower, we thus obtain, 


Mx = 

M. = 


-Pl.kil-k) 

-Pl.k{l-k) 


(3 +2zr)(l - k) +2ir 
(3 + 2ir)(l H- 2ir) 

(3 + 2ir)k + 2ir 


(141) 

(142) 


'(3 + 2tV)(l + 2ir) 

For a concentration P in the left side span, at a distance kli from the 
outer end, 

M - pT 2fr^(l + ir)(k - k^) 

IVLl lb rt • \ / 1 I 


(3 + 2ir)(l + 2ir) 

Mi = +Pl tV°(fe — k^) 

^ ^ {Z + 2ir)(l+2ir) 

For a uniform load covering the main span, we obtain 
Mx = Mi = “4(3 + 2z>) 

For a uniform load covering the left-side span, we obtain 

2ir^{l -f- ir) 


Ml = 
Mi^ + 


4 (3 •+• 2ir)(l + 2ir) 




4 (3-1- 2ir) ( 1 -f- 2ir) 

For a uniform load covering all three spans, we obtain 


Ml = M. = 


1 -f- ir® 


(143) 

(144) 

(145) 

(146) 

(147) 

(148) 


4 3 -b 2ir 

6c. The Horizontal Tension H. — For the continuous type of 
suspension bridge, the denominator of the expression for H will be 
(in place of Eq. (86)) : 


N 


8 


4e H" 3e® -j- 2ir^v^ c® — 2ev^ -f-^ ' F 


AP I 

+ • j ■ seo»ai(l -1- 8ni®) 


(149) 


(If hinges are inserted at the towers, the coefficient of continuity e, 
defined by Eq. (138), will be zero, and Eq. (149) will reduce to Eq. (85).) 

For a single load P at a distance kl from either end of the main span, 
the horizontal tension will be 


P = ^[p(fc) -|c(fc -fc®)]p (150) 

where N is defined by Eq. (149); and the function B{k) is defined by 
Eq. (87) and is given by Table 1 and Fig. 11. 

Similarly, for a concentration Pi in either side span, at a distance 
fciZi from the free end, we obtain 

II ^ ^^^vB{kx) - I (fci - fci®) ]Pi (151) 

Plotting Eqs. (150) and (161), we obtain the P-influence line, Fig. 146. 
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If the main span is completely loaded, we obtain : 

If both side spans are completely loaded, we obtain: 

„ 2ir^/v e\ , 

^ ~ Nn\5 8/^'^ 

If the main span is loaded for a distance M from either tower, wo 
obtain: 

^ - f (iM) 

where F{k) is defined by Eq. (92) and is given by Table 1 and Fig. 11. 

If either side span is loaded for a distance kth from the free end, wo 
obtain: 

^ "" 5 ^‘ “ |«(2 - ^>)® ( Ifif )) 

where F{ki) is the same function as defined by Eq. (92). 

In the foregoing equations, N is given by Eq. (149). 


If the stiffening truss is interrupted at the towers, tiio factor of continuity « m 
0, and the above formulas reduce to the corresponding Eqs. (86) to (05) for the two- 
hinged stiffening truss. 

6d. Moments in the Stiffening Truss. — With all throe spans 
loaded, the bending moment at any section of the main span is given 
very closely, by Eqs. (136) and (148), as 

Total M = - H-/) x(l - «) - e(^ - ///) ( 150 ) 

and, at any section of the side span distant x, from the free end, by Eos 
(137) and (148), as 

Total M^(^p - H^)xr(h -x{)~-e Qpl* - (157) 

^ combination of 

Eqs. (152) and (153). 

“ust bo calculated by the general 
values of H given by Eqs. (160) to (155), 
and the values of ilfi and if 2 given by Eqs. (141) to (148). 

• ‘“in the previous oasM, For moments 

in the main span, Eq. (136) is written in the form 


M 




® + Af2® 

y -ef 


-H {y^tf) 


(158) 


thus giving the bending momenta ^ (y - ef) times the intercepts obtiuned by super- 

.mposingtheinfluencelinefor — upontheinfluencelinefor/f. This construction 
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is indicated in Fig. 146, For moments in the side spans, the corresponding influence 
line equation is obtained from Eq. (137): 

ilfo + Ml , 2 

^ i ^ - X e/ ) (159) 

A. t-l 

y.-j^ef 


For the continuous stiffening truss, the influence line method just 
outlined is not very convenient, as the M' influence line (Fig. 146) is a 
curve for which there is no simple, direct method of plotting. 

A more convenient method is that of the equilibrium polygon con- 
structed with pole-distance H, corresponding to Eq. (60) and Fig. 7. 
For the continuous stiffening truss, this construction is modified as follows 
(Fig. 15): At a distance e/ below the closing chord A'B', a base line AB 
is drawn, so that the cable ordinates measured from this base line will be 
y — ef and will therefore represent the suspender moments M,. The 



Fio. .15. — Equilibrium polygon for continuous stiffening truss (Type 0^). 


equilibrium polygon A"MB" for any given loads is then constructed upon 
tlio same base line, with the same pole-distance H-, the height AA" rep- 
resents —Ml, the height BB" represents —M 2 , and the polygon ordinates 
below A''B" represent Mo; hence, the ordinates measured below the 
base line AB represent the moments M' due to the downward-acting 
loads. Then, by Eq. (136), the intercept between the cable curve and 
the suporiin posed equilibrium polygon, multiplied by H, will give the 
resultant bending moment M at any section. 

For a single concentrated load P, the equilibrium polygon A"MB" 
is a triangle, and the M intercepts can easily be scaled or figured. By 
moving a unit load P to successive panel points, we thus obtain a set of 
influence values of M for all sections. 

The corresponding construction in the side spans is also indicated in 
Fig. 15. 

6e. Temperature Stresses. — The horizontal tension pro- 
duced by a rise in temperature of ( deg. is given by 


ZEIutL 


( 160 ) 


where N is defined by Eq. (149), and L is given by Eq. (114). 
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( 101 ) 

( 102 ) 


The resulting moments in the stiffening truss will be 
Mt= -Htiy - ef) 

for the main span, and 

M, = 

for the side spans. 

The vertical shears are given by • 

Vt = — ^/’«(tan <p — tan a) 
for the main span, and 

Vt = — //(^tan <pi — tun ai 

for the side spans. 

6/. Straight Backstays (Type OF).— If tlui stiffening truss in 
the side spans is built independent of the cable (Fig. 10), tiio backstays 
will be straight and /i = 0. Consequently all terras containing ft, y\, 
f f 

nt = Y' Oil V = Y' will vanish in Eqs. (130) to (104), inclusive. 


rf 

/ 


0 


(103) 

(104) 



Fig. 16. — Continuous stiffening truss with straight hiK^ksfays (Typo OF)* 

On account of the continuity of the trusses, howtiver, each span will be 
affected by loads in the other spans. 

The denominator of the expression for 11, hkp (149), will Iwcoino 


, 0/ E /, 
+ 1,? -F, 


(105) 


where e, the factor of continuity, now has the value 

‘’ = 3+2,> (■»«) 

Equation (137), for bending moments in tlm side spans, will bsworao 


M= Mo +y'. Ml, 2 +//.*'.,/ 


7 ’ xr* I ** 0 j 

and Eq. (140), for shears in the side spans, will become 

y = F. 4. Kb? _L rr <■/ 


' ^ h ' It 

For a concentration Pi in either side span, I<]q, ( 161 ) becomea 

H = — • ir^e{kt — kt ^) , i'l 


(107) 

(108) 


(109) 
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For a uniform load covering both side spans, Ek). (153) becomes 

For a uniform load in either side span, covering a length k-Hi from the 
free end, Eq. (155) becomes 

(171) 

For a uniform load covering all three spans, Eq. (157) becomes 
Total M = I pxi(Za - x,) - - Hf) (172) 

Equation (162), for temperature moments in the side spans becomes, 
Mt=+Ht.^.ef (173) 

and Eq. (164), for shears, becomes 

Vt=+Ht.4 (174) 

n 

7. Braced-chain Suspension Bridges. 

. 7a. Three-hinged Type 3B. — ^The three-hinged type of 

braced-chain suspension bridge is statically determinate. The suspen- 
sion system in the main span is simply an inverted three-hinged arch. 
The equilibrium polygon for any applied loading will always pass through 
the three hinges. The H-influenee line for vertical loads reduces to a 
triangle whose altitude, if the crown-hinge is at the middle of the span 
and if the corresponding sag is denoted by /, is 

H = i (175) 

4 / 

The determination of the stresses is made, either analytically or 
graphically, exactly as for a three-hinged arch. 



Fig. 17. — Three-hinged braced chain with straight backstays (Type ZBF). 

Figure 17 shows the single-span type, in which the backstays are 
straight (Type 3 jBF). K the lower chord is made to coincide with the 
equilibrium polygon for dead load or full live load, the stresses in the top 
chord and the web members will be zero for such loading conditions. 
These members will then be stressed only by partial or non-unifom load- 
ing. Under partial loading, the equilibrium polygon will be displaced 
from coincidence with the lower chord: where it passes between the two 
chords, both will be in tension; where it passes below the bottom chord, 

2X 
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this member will be in tension and the top chord will be in compression. 
If the curve of the bottom chord is made such that the equilibrium 
polygon will fall near the center of the truss or between the two chords 
under aU conditions of loading, the stresses in both chords will always be 
tension. 

Figure 18 shows the three-hinged braced-chain type of suspension 
bridge provided with side spans (Type BBS). The stresses in the main 
span trusses are not affected by the presence of the side spans, and are 
found as outlined above. The stresses in the side spans are found as for 
simple truss spans of the same length, excepting that there must be 



Fig. 18 . — Three-hinged braced chain with side spans (Type ZBS). 


added the stresses due to the top chord acting as a backstay for the main 
span. This top chord receives its greatest compression when the span 
in question is fully loaded; and its greatest tension when the main span 
is fully loaded. 

Temperature stresses and deflection stresses in three-hinged structures 
are generally neglected. 

76. Two-hinged Type 2B , — ^This system (Fig, 19) is static- 
ally of single indetermination with reference to the external forces, 
so that the elastic deformations must be considered in determining the 
unknown reaction. 



Fig. 19. — Two-hinged braced chain with side spans (Type 2BS), 


The structure is virtually a series of three inverted two-hinged arch 
trusses, having a common horizontal tension H resisted by the anchorage. 
The general equation iovH takes the form : . 


F = - 


S uH 


( 176 ) 


where Z denotes the stresses in the members for any external loading 
when H == 0 (z.e., when the system is cut at the anchorages) ; u denotes 
the stresses produced under zero loading when = 1; Z denotes the 
lengths of the respective members and A their cross-sections. The 
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summations embrace all the members in the entire system between 
anchorages. 

The stress in any member is given by adding to Z the stress produced 
by or 

S = Hu (177) 

Zl 

For a rise in temperature, the elastic elongations are replaced 
by thermal elongations wfZ, and Eq. (176) becomes 

Yj 'Zo)iul> 

(178) 

^EA 


For uniform temperature rise in all the members, Eq. (178) may be 
written 


cotL 

(179) 

^EA 


where L is the total horizontal length between anchorages. 

A graphic method of determining H is to find the vertical deflections at 
all the panel points produced by a unit horizontal force (i? = 1 ) applied 
at the ends of the system. The resulting deflection curve will be the 
influence line for H. If the ordinates of this curve are divided by the 
uH 

constant S ( = the horizontal displacement of the ends of the system 

produced by the same force, H = 1 ), they will give directly the values 
of H produced by a unit vertical load moving over the spans. 

7c. Hingeless Type OS. — ^This type of suspension bridge 
(Fig. 20) is three-fold statically indeterminate, the redundant unknowns 



Fig. 20. — Hingeless braced cable suspension bridge (Type 05) . 

being the horizontal tension H and the moments at the towers. Instead, 
the stresses in any three members, such as the members at the tops of the 
towers and one at the center of the main span, may be chosen as redim- 
dants. Let the stresses in the three redundant members, under any given 
loading, be denoted by Xi, X 2 , X 3 . When these three members are 
cut, the structure is a simple three-hinged arch ; in this condition, let Z de- 
note the stresses produced by the external loads, and let Ui, and uz denote 
the stresses produced by applying internal forces Xi = 1 , X 2 = 1 , and 
Xz — 1. Then, when the three redundants are restored, the stress in 
any member will be 

;S = Z “h X1U1 -f- X2U2 “ 1 “ XzUz 


(180) 
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The restoration of the redundant menabers must satisfy the three con- 
ditions. 


\ UiH 

UiUil 


^Zuil , ^ — 

^~El + ^^^El + ^^A-EA + 


= 0 
EA 


EA ‘ EA '^^^%EA EA 

S Zusl , ^ -^uiuzl , ^^uzUil , ^ _n 

'EA + ^^^~EA + ^^A-EA + 


(ISl) 


The redundant members are to be included in these summations. 

The solution of these three simultaneous equations will yield the three 
unknowns Xi,Xi and Xz and their substitution in Eq- (180) will give the 
stresses throughout the structure. 


DESIGN OF SUSPENSION BRIDGES— CONSTRUCTION FEATURES 

The superior economy of the suspension type for long-span bridges is 
due fundamentally to the following causes : 

(1) The very direct stress-paths from the points of loading to the 
points of support. 

(2) The predominance of tensile stress. 

(3) The highly increased ultimate resistance of steel in the from of 
cable wire. 

For heavy railway bridges, the suspension bridge will bo more econom- 
ical than any other type for spans exceeding about 1,600 ft- As the live 
load becomes lighter in proportion to the dead load, the suspension bridge 
becomes increasingly economical in comparison with other types. For 
light highway structures, the suspension type can be used with economic 
justification for spans as low as 400 ft. 

Besides the economic considerations, the suspenBion bridge has many 
other points of superiority. It is light, esthetic, jgraceful; it provides a 
roadway at low elevation, and it has a low center of wind pressure; it 
dispenses with falsework, and is easily constructed, using materials that 
are easily transported; there is no danger of failure during erection; and 
after completion, it is the safest structure known to engineers. 

The principal carrying member is the cable, and this has a vast reserve 
of strength. In other structures, the failure of & single truss member 
will precipitate a collapse; in a suspension bridge, tiro rest of the structure 
will be unaffected. 

8. Types of Suspension Bridges.— There aro two systems to l>o 
considered: 

(1) Suspension bridges with suspended stiffening truss (Figs. 21 to 
26 inclusive). 

(2) Suspension trusses, or braced chain bridges (Pig. 27). 
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The main carrying member of a suspension system is generally of 
wire cable (Figs. 21 to 25 inclusive), sometimes of eyebar chain (Figs. 
26, 27), and, in a few instances, of riveted construction {e.g,, Breslau). 

The backstays of the cable or chain (extending from tower to anchor- 
age) may be straight (Figs. 22, 25) ; or the side spans may be suspended, 
giving curved backstays (Figs. 21, 23, 26, 27) . 

The suspended stiffening truss may be made continuous over main and 
side spans (Fig. 26) ; the resulting structure is three-fold statically inde- 
terminate. The indeterminateness may be relieved by the insertion of 



Fiu, 21. — Brooklyn Bridge, East Hiver, Now York. Completed, 1883 — Span 1,595H ft. — 

Type ZS. 


hinges or slip-joints. Usually two hinges are used, one at each tower 
(Figs. 22, 23, 25), producing a singly indeterminate structure. By 
adding a third hinge at mid-span (Figs. 21, 27), a statically determinate 
structure is obtained. 

The .suspension truss (Fig. 27) is thus far chiefly of historical or specu- 
lative interest, as modern suspension bridge construction is principally 
confined to the suspended stiffening truss type. An example of the 
suspension truss type is the Point Bridge at Pittsburgh (1877, span 800 
ft.). 

The use of chains instead of cables is a characteristic of European 
practice. Recent chain bridges are the Elizabeth Bridge at Budapest 
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(1903, span 951 ft.), the bridge over the Oder at Breslau (1911, span 415 
ft.), and the bridge over the Rhine at Cologne (Fig. 26, 1917, span 605 
ft.). With present materials and prices, chain construction generally 
becomes more expensive than wire cables at about 1,000-ft. span. 



Fig. 22. — Williamsburg Bridge, East River, New York. Completed, 1903 — Span 1,600 

ft. — Type 2F. 

9. Economic Proportions. — The economic sag-ratio for cables has been 
established by some authorities at 1 : 6, but such large sags are exceedingly 
uncommon. Ratios between 1 : 8 and 1 : 10 are preferable as they produce 
more pleasing lines and, in addition, help to increase lateral and vertical 
rigidity. In past practice, the ratios have, as a rule, ranged between 1:9 
and 1 : 12. The total cost will not be materially affected. 

The function of the stiffening truss is to distribute any applied load 
imiformly to the suspenders. If the truss is too shallow, the deformations 
will be excessive; if too deep, the truss will carry too great a proportion 
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of the load at a sacrifice of economy. The economic depth-ratio has been 
established by some authorities at 1:40 for 1,000-ft. spans and 1:45 for 
2,000-ft. spans. The Williamsburg Bridge (Fig. 22) has a ratio of 1:40. 
In the Manhattan Bridge, which has a substantial double deck floor 
construction contributing to the stiffness, a ratio of only 1:60 was used. 
The choice of depth-ratio is also affected by the character of the cross- 
bracing. In general, the proper ratio to use will be between 1 : 40 and 1:60. 

For adequate lateral stiffness, the width center to center of outer 
stiffening trusses should not be less than about one-twenty-fourth of 
the span 



Tio. 23. — Manhattan Britlgo, East River, Now York. Completed, 1909 — Span 1,470 

ft.— Typo 2S. 


10. Chain Construction. — The construction of a suspension chain is 
similar to that of a pin-connected truss chord built of eyebars. The 
material is structural steel or, in recent designs, nickel steel (Figs. 26, 27). 
Nickel steel used in eyebar chains and in stiffening trusses has been 
allowed a working stress of 40,000 lb. per sq. in., the ultimate strength 
being 90,000 and the elastic limit 60,000 lb. per sq. in. The substitution 
of nickel steel for structural steel affords a saving of 10 to 15 per cent 
in the cost of a chain or stiffening truss. The allowable working stress is 
one-half to two-thirds of the elastic limit. 

The eyebars are generally made by forging (upsetting and boring. 
Fig. 27). In Europe, eyebars are made by boring out of a full flat (Fig. 
26), an extravagant procedure. 

Chains made of horizontal flats superimposed and riveted together 
(as in the bridge at Breslau) are not to be recommended, on account of 
the difficulty of preventing rust between the plates. Moreover, such 
chains do not appear sufficiently massive in side view, and they are 
subject to high secondary stresses from bending. 

A disadvantage of chain construction is unequal stressing of the indi- 
vidual bars between two pins. 
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11. Parallel Wire Cables.— A cable consists of i)aralloI wire's 

(Figs. 21, 22, 23, 24) or of twisted wire ropes (Fig. 2i>). ^ 

The steel wire is reduced by repeated drawing to a diainetcr of 0. 15 
to 0.25 in. A common size is No. 6, 0.192 in. The ultimate strength is 
200,000 to 225,000 lb. per sq. in., and the yield point is 140,000 to 150,()0() 
lb. per sq. in.; the usual working stresses being 60,000 to 75,000 lb. per 
sq. in. 

A higher yield point, up to 80 or 90 per cent of the ultimate, is obtain- 
able by using harder wire, but such wire is too stifiF fur easy handling. 

The proportional elastic limit of the wire is about 45 to 50 per cent 
of the ultimate strength. The elongation in 20 in. is 2.5 to 4 per cent. 

For protection against the weather, the wires are guaerally galvanized. 
In addition, the wires are coated with linseed oil at the mill. The 
finished cable is slushed with oil and wrapped with impregnated duck 
(Fig, 22), or preferably with wire wrapping (Figs. 21, 23). 

Parallel wire cables, principally used in this country, have been made 
in diameters up to 21 in. (Fig. 23). 

In erecting parallel wire cables, the individual wires are^ strung in 
place between the anchorages and, when the desired number is reached, 
bundled together in a strand; when all the strands arc completed, they 
are compacted, clamped and finally wrapped into a cylindrical cable. 
The division into strands facilitates operations arul makes the work 
systematic. The cable consists of 7, 19 or 37 strands, clejKmding upon the 
size of the cable. 

The following table gives data on the wire cal)lcss of the Fust Rivc'r 
suspension bridges. 

Brooklyn WilUairiHburg Mnnluittau 
(Fig. 21) (Fig. 22) (Fig. 23) 


Pate 1876-1883 1898--11K)3 n){)3-UK)0 

Main span 1,595.5 ft. 1,600 ft. 1,470 ft. 

Cable sag 128 ft. 177 ft. 160 ft. 

Total load, per lin. ft. .... . 35,500 lb. 75,0(K> Ib. 104, (MKl lb. 

Number of cables 4 4 4 

Strands per cable 19 37 37 

Wires per strand. 278 208 256 

Wire diameter 0. 165 in. 0. 102 in. 0. 105 in. 

Total cross-section 533 sq. in. 888 sq. in, 1,002 sq, in. 

Cable diameter 15?ii in, 18?g in. 21^ in. 

Size of wrapping wire 0, 135 in 0.148 in. 

Maximum stress in cables . . 47,500 lb. per 50,300 lb. per 73,0CH) lb. 

sq* in. sq. in. sq. in. 


160,000 lb, per 200,000 lb. por 210,000 lb. im 
^0' 1^* sq* bi. SCI. in. 


Ultimate strength of cables 
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Williamsburg Bridge New York. Brooklyn Bridge. New York. 



Holf Cross Section at Center. Half Cross Section at End. 

Design for Suspension Bridge 
over Sydney Harbotj^ 

Australia* 


Fig. 24.^ — Cross-sections of suspension bridges. 


Center Line 
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At the anchorage, the cable is separated into its compotiont strands; 
the latter diverge slightly to make room for the “strand shot's” which 
are grooved castings of horseshoe shape around which the respective 
strands are looped. The shoes arc pin-connected to the ancht)rage 
eyebars which are prepared in advance of the cable spinning. 

When the cables are compacted, the “cable bands” are affixed for 
connection of the suspenders. The bands are steel castings, matle in 
two halves, with outstanding flanges for bolting together so as to secure 
the necessary frictional resistance to sliding. Flanged grooves around 
the bands receive the suspender ropes. Tlio cable between the bands 
is later given its protective wrapping. 

12. Twisted Wire Ropes. — For smaller spans, up to 600 or 700 ft., 
twisted wire ropes will generally be preferable to parallel wire cables 
{e.g. Fig. 25). Such ropes arc prepared at the mill and shipped on drums. 
They are hauled across the span (by moans of ligliter temporary carrier 
cables) and secured at the anchorages; each rope end is <^x|)anded and 
fixed in a steel socket which may be threaded for adjusting the roiKs to 
exact position. Shim pieces between sockets and anclior plate may also 
be used to regulate the rope lengths. 

Twisted wire ropes are also used for suspenders (Figs. 21, 22, 23). 

The ropes are made up to 2)-^ in. diameter of round wire in spiral lay. 
For larger diameters, a twisted wire cable is formed by laying six twistecl 
wire strands spirally around a central strand. Ordinarily the twist of 
the wires into strands is opposite in direction to the twist of thes strands 
into rope. 

Twisted wire ropes possess considerable flexibility, particularly when 
successive layers of wires have alternate directions of twist. 

Patent “locked wire ropes” are now made in which the core wires 
are surrounded by wires of trapezoidal section, and these in turn by 
wires having a special interlocking s<!ction. This construction gives 
compactness, protection against entrance of moisture and against 
loosening of the outer wires. A good coat of paint affords ample rust 
protection. 

In twisted wire rope, on account of the spiral lay of the wires surround- 
ing the core, the coefficient of elasticity £! is less than in straight wires 
by 15 to 30 per cent if made up of round wires, and by 10 to 15 per cent 
if composed of patent locked wires. 

The combined tensile strength of the wires is also reduced by the 
twisting into rope. For a single strand rope, the reduction of strength 
is 15 per cent figured on net metallic section, and 26 per cent figtired on 
gross circular section. For a seven strand rope, the reduction of strength 
is 18 per cent on net metallic section and 48 per cent on gross circular 
section. For ropes of patent locked wire, the corresponding reductions 
are 7, 11, 16 and 35 per cent. 



nay stress in Cable between Towers •»t40^000lb. 
1,1^*^ Galvanized Plow Steel Cables 
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Galvanized steel suspension bridge rope (used for suspenders and 
for small cables) has a tested ultimate strength (pounds) given by 80,000 
X (diameter)®. The weight of the rope, in pounds ixsr lineal foot, is 
given by 1.68 X (diameter)®. 

13. Towers. — The design of the tower depends upon the material 
employed. This is either masonry or, more generally, steel. If masonry 
is used, the tower may consist of shafts springing from a common base 
beneath the roadway and connected together at the top with gothic 
arches (Fig. 21). If steel is used, the tower consists of a column or 
tower leg for each suspension system (Figs. 22, 23, 2.'), 26, 27). For 
lateral stability, the tower legs arc braced together by means of cross- 
girders and cross-bracing (Figs. 22, 23, 26, 27), or by arched portals 



Fia. 26, — Cologne Chain Bridge— -lO 1 6 — Span 006 ft,— Type 0*S'. 


(Fig. 26). The sway and portal bracing are nc'cessary to brace th(! 
columns against buckling, to take care of lateral components from cradkal 
cables or chains, and to carry wind stresses down to the piers. 

Steel tower columns (B’ig. 23) are made up of plates and angles to 
form either open or closed cross-sections; horizontal diaphragms at 
proper intervals stiffen the section. The cross-section enlarges toward 
the base which is anchored to resist the horizontal forces. 

For high towers, the individual legs may bo made of braced tow<!r 
construction, each leg consisting of four columns spreading apart toward 
the base and connected with cross-bracing (Fig. 22), 

Instead of anchoring the base, a rocker-tower construction may be 
secured by providing hinge-action at the base (Fig. 26). This may bo 
accomplished by use of a pin-bearing, a segmental base, or a concave 
roller nest. 

14. Saddles. — On the tower top, the cable rests in a special catting 
called a saddle. This may rest on rollers to permit longitudinal move- 
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nicnt from changes in cable length, or it may be bolted to the towers. 
In the latter case, the tower has to take up the movement — by bending 
if fixed at the base, and by pivoting if hinged at the base. 

The radius of curvature of the cable in the saddle should be large in 
order to avoid excessive bending stresses in the wires and strands. 

If the cables are “cradled” (hung off the vertical), the saddles must 
be inclined accordingly; and the cable laying should be conducted so as 
to avoid toraional effects. 

At points where cable or chain changes direction at the anchorage, 
a saddle or knuckle support is required, with provision for movement 
by rocker hinge, rollers, or sliding. 

The tower saddles in long span bridges have generally been provided 
with rollers (e.g., Brooklyn, Williamsburg). For the Manhattan Bridge 
(1909) fixed saddles were adopted, despite the fact that large bending 
stresses are thereby caused" in the tower. The objections to movable 
saddles are uncertainty of operation of the rollers, liability to clog or rust, 
and necessity for scrupulous maintenance under conditions conducive 
to neglect. Rocker or pin-bearing towers (Fig. 26) appear to afford the 
most economical and scientific solution of the problem. 

Where chains are used instead of wire cables, the saddle support is 
g(merally of the rocker type — ^the entire tower acting as a rocker (Fig. 
26), or else anchored and carrying a smaller rocker on its top (Fig. 27). 
The latter rocker is pin-connected at its lower end to the tower and at its 
upper end to the eyebar chains. 

16. Anchorages. — At the anchorage the cable strands loop around 
their respective shoes which are pin-connected to the anchor chains. 
The latter extend in straight, broken or curved lines, as the case may be, 
to their final pin-connection to anchor plate, girders, or grillage bearing 
against the masonry (Fig. 27). 

Cables of twisted wire rope may be anchored directly without the 
use of eyebar chains. The rope ends are secured in sockets which bear 
against the anchor girders. 

The anchorage masonry serves the function of taking up the pull of 
the cable or chain and transmitting it to the foundation. By graphic 
composition of the external applied forces with the weights of the sections 
of masonry, the resultant lines of pressure are determined and fol- 
lowed through to the foundation. First class masonry is provided 
where thestresses demand it, and the remainder of the mass may be 
made up of lean concrete or other filling material serving only to provide 
weight. 

In designing, a factor of safety of two is generally adopted against 
uplift, sliding or tilting of the anchorage. For important structures, 
the foundation should be on sound rock. The coefficient of friction is 
taken as 0.5 to 0.6. 
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Consideration should be given in the design of the anchorage to 
pi’otection against rust, accessibility for inspection and maintenance, 
and possibility of replacement of parts. French practice lays great 
stress on ease of replacement: The cables are composed of a number of 
twisted wire ropes which are individually renewable, all rope ends are 
socketed, endless ropes are eliminated, and all steel in the anchorage is 
accessible. American practice emphasizes protection (and permanence) 
rather than replaceability: Parallel wire cables prevail, the cables are 
covered with moisture proof wrapping, the only exposed portions being 
at the loop ends where, however, individual wires can be inspected and 
cleaned. The danger point for rust is in the anchorage, and there we 
generally substitute chain for cable. The steel in the anchorage pit is 
generally surrounded with concrete or other waterproofing material in 
order to exclude water. 

DESIGN CALCULATIONS FOR TWO-HINGED SUSPENSION 
BRIDGE WITH SUSPENDED SIDE SPANS (TYPE 2^) 

16. Dimensions. — The following dimensions are given: 

I = main span = 1,080 ft. (Z' = 1) 

lx «= side span == 360 ft. 

/ =* cable sag in main span = 108 ft. 
fx =a cable sag in side span = 12 ft. 

U — distance, tower to anchorage = 400 ft 
d — depth of stiffening truss = 22.5 ft. 


Mean chord section (gross) : Main span, top = 83, bottom = 137 sq. in 

Side spans, top = 52, bottom = 52 sq. in. 
/ (Main span) - 83(14)2 + 137(8.5)2 = 26,200 in.2 ft.2 . ^ ^ 

/, (Hide spans) = (2) (52) (11.25)* = 13,100 in.* ft.* * h ~ 

Width, center to center of trusses or cables = 42.5 ft. 

A == cable section = 78 sq. in. per cable (Ai = A) 

tan « = slope of cable chord in main span = 0 

tan ai == slope of cable chord in side span = 4(n — nO = 0.267 

sec ai — 1.034 

tan ^>1 = 4n == 0.4 sec cpi = 1.08 

17. Stresses in Cable. — (All values given per cable.) 

Given: w = dead load (including cable) = 2,385 lb. per lin. ft. 
p' = live load = 860 lb. per lin. ft. 
t = temperature variation = ±60° F. (Scat = 11,720 lb. per 
sq. in.) 
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For dead load, by Eq. (5), p. 290, the horizontal component of cable 
stress is 

H = ^ = ):^wl = 3,220 kips (1 kip = 1,000 lb.) 

For live load, by Eq. (85), the denominator of the //-equation is 
N = |(1 + 2^2) + 3 ^ 2 - f(l + 8n*) + • j • sec»ai(l + 8ni=*) 

= 1.626 + 0.093 + 0.071 = 1.790 

By Eq. (94), the horizontal tension produced by live load covering 
all three spans will be 

H = g^-^Cl + 2vrh)'p'l = ^-^(1.0164)(9,300) = 1,050 kips 

The total length of cable between anchorages is given by Bl(}. (1 14) : 

^ = (l + + iHsoc OCX + I ) = 1.027 + 0.767 = 1,794 

I \ 3 J l\ 3 sec’ <xi/ 


Then, for temperature, by Eq. (116), 

SE/coi/., _ 3(11,720)(26,200)(1.794) 
p;^l - (108)’(T.790) 

Adding the values found for //: 


T 80 kiiw 


D.L.. 3,220 kips 

L.L 1,050 

Temp 80 


we obtain. Total H = 4,350 kips per cable. 

The maximum tension in the cable is, by Eep (3), 

Ti - 7/ . sec <pi = 77(1.08) = 4,700 kips 
At 60,000 lb. per sq. in., the cable section requircul is: 

4,700 4- 60 = 78 sq. in. per cable (as given). 

18. Moments in Stiffening Truss. Main Span. 

Live load = p = 1,600 lb. per lin. ft. 

(All values given and calculated arc per truss) 

With the three spans completely loaded, the bending moment at any 
section z of the main span is given by Eq. (96) : 

Total M = ^pz(l - a:)[l - ^^(1 + 2ir%)] = - a')(0.091] 

Hence only 9.1 per cent of the full live load is carried by the stifTjming 
truss. Accordingly, at the center. 

Total M = 0.091^~ = +21,200 ft.-kips 

At other points, the values of M are proportional to the ordinates of a 
parabola. They are obtained as follows 
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Section 

Parabolic Coeppicibnt 

Total M 

= 0 

(4)(0)(1.0) =0 

0 

0.1 

(4)(0.1)(0.9) =0.36 

+ 7,600 

0.2 

(4)(0.2)(0.8) =‘0.64 

+13,600 

0.3 

(4)(0.3)(0.7) = 0.84 

+17,800 

0.4 

(4)(0.4)(0.6) = 0.96 

+20,400 

0.45 

(4) (0.45) (0.55) = 0.99 

+21,000 

0.5 

(4) (0.5) (0.5) = 1.00 

+21,200 ft.-kips 


For maximum and minimum moments, the critical points are found 
by solving Eq. (98) : 

C(fc) = JV-w- = 0.179- 

y y 


with the aid of Table 1 

or Fig. 11: 





X 

i 

V 

i 

X 

y 


k 

D{k) 



0 

0 

(2.50) 

(0.448) 

(0.364) 

(0.508) 



0.1 

0.036 

2.78 

0.498 

0.402 

0.411 



0.2 

0.064 

3.12 

0.559 

0.448 

0.310 



0.3 

0.084 

3.57 

0.640 

0.512 

0.202 



0.4 

0.096 

4.17 

0.747 

0.603 

0.095 



0.45 

0.099 

4.55 

0.815 

0.667 

0.050 

+ 

0.000 

0.5 

0.100 

5.00 

0.895 

0.755 

0.016 

+ 

0.016 

0.55 

0.099 

5.55 

0.995 

0.950 

0.000 

+ 

0.050 


The values of DQt), found from Table 1 or Fig. 11, are recorded in the 

N 

above tabulation. For all sections from x = - I = 0.4471 to x = 0.553Z 

there are double values of D{k) explained under Eq. (100). 

The values of the minimum moments are then given by Eq.(99): 

Min. M = - [D{k) + AirH] = 

-417,000 ®(l - [D{k) +0,033] 

and the maximum moments are then given by Eq. (101) : 



Max. 

, M = Total M 

— Min. 

M 

Hb<.'T10N 

yO-1) 

[Dik) + 0.0331 Mim. M 

Max. M 

= 0 

0 

(0.541) 

0 

0 

0.1 

0.09 

0.444 

16,700 

+ 24,300 

0.2 

0.16 

0.343 

22,900 

+ 36,600 

0.3 

0.21 

0.235 

20,600 

+ 38,400 

0.4 

0.24 

0.128 

12,800 

+ 33,200 

0.45 

0.248 

0.083 

8,600 

+ 29,600 

0.6 

0.25 

0.065 

6,800 

+ 28,000 ft.-kips 
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Dividing the maximum and minimum moments by the truss depth (d = 
22.5), we obtain the respective chord stresses. Adding the temperature 
and wind stresses, and dividing by the specified unit stresses, the required 
chord sections will be obtained. 

19. Bending Moments in Side Spans. 

(p = 1,600 lb. per lin. ft. per truss) 

With all three spans completely loaded, the bending moment at any 
section Xi of the side span is given by Eq. (97) : 

Total Ml = |px,(li - xi)[l - ^(1 + = - px^ih - Xi)[0.091] 

Accordingly, at the center, 

Total Mi = 0.091^ = +2,300 ft.-kips 

There are no critical points for moments in the side spans. The minimum 
moments are given by Eq. (102) : 

Min.Jfi= - yu ^ -^i(1.124)pZ 

Accordingly, at the center, 

Min. ilfi = -12(1.124)(1,730) = -23,400 ft.-kips 

The maximum moments are given by Eq. (103) : 

Max. Ml = Total Mi — Min. ikfi 

Accordingly, at the center, 

Max. Ml = +2,300 + 23,400 = +25,700 ft.-kips 

At other sections, the moments are proportional to the ordinates of a 
parabola: 


Parabolic 


Section 

COEFFICIENT 

Total Mi 

Min. Ml 

Max. 

0 

0 

0 

0 

0 

0.1 

0.36 

+ 800 

- 8,400 

f 9,200 

0.2 

0.64 

+1,500 

-15,000 

+16,500 

0.3 

0.84 

+1,900 

-19,600 

+21,500 

0.4 

0.96 

+2,200 

-22,400 

+24,600 

0.5 

1 

+2,300 

-23,400 

+25,700 ft.-kips 


20. Shears in Stiffening Truss — ^Main Span. 

(p — 1,600 lb. per lin. ft.) 
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With the three spans completely loaded, the shear at any section x of 
the main span is given by Eq. (104) : 

Total V = y>il - 2x) [l - ^ (1 + = ^p(l - 2a:)[0.091] 

The shears will be the same as would be produced by loading the span 
with 9.1 per cent of the actual load, or with 0.091pl = 157 kips. Total 


SECTION 

1 X 

2 1 

Total V 

0 

II 

0.5 

+79 kips 

0.1 

0.4 

+63 

0.2 

0.3 

+47 

0.3 

0.2 

+31 

0.4 

0.1 

+ 16 

0.5 

0 

0 


The maximum shears are given by Eq. (106) : 

where the values of are taken from Table 1 or Fig. 11. The shears 
are obtained as follows : 

(^pl = 864 kips) 


Sbction - f) 


( — I 

i^-fy 

Max. Y 

= 0 

2.23 

0.400 

0.107 

1 

+ 92 + 194 

0.1 

1.79 

0.482 

0.136 

0.81 

+ 95 + 96 

0.2 

1.34 

0.565 

0.243 

0.64 

+134 + 22 

0.3 

0.89 

0.647 

0.424 

0.49 

+179 

0.4 

0.45 

0.726 

0.673 

0.36 

+210 

0.5 

0 

0.800 

1.000 

0.25 

+216 kips 


For all sections *<^(1 “j) = 0.2771, the loading for maximum shear 
extends from the given section x to a critical point M defined by Eq. (108) : 


C{k) 


N I 
4'1 -2x 


0.446 
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The values C{k) are solved for k with the aid of Fig. 1 I- - 


Section 

1 

cw 


0 

0.446 

0.362 

0.1 

0.8 

0.658 

0.-4:48 

0.2 

0.6 

0.744 

O.CiOO 


For these sections, a correction is to be added to tlie values of Max. \> 
f ound above. This additional shear is given by Eq - C 109) : 

Add. V - lpi(l [|(i - f) ■ - '] 

Section h 

1=0 0.362 

0.1 0.448 

0.2 0.600 

The minimum shears are then given by Eq. (112) : 



Min. V 

= Total V - Max. F' 

- 

Section 

Total V 

Max. V 

IVtiN. V 

= 0 

+ 79 

-h 286 

— 207 

0.1 

• + 63 

-t- 191 

- 128 

0.2 

-h 47 

-1- 156 

- 109 

0.3 

+ 31 

+ 179 

- M8 

0.4 

+ 16 

4- 210 

- 194 

0.5 

0 

■+■ 216 kips — 

- 216 kips 


21. Shears in Side Spans. 

(p = 1,6001b .per lin. ft., Zi = 360 f t.) 

With the three spans completely loaded, the sliear at any section Xx 
in the side spans will be, by Eq. (105) : 

Total = MpGi - 2xr)[l - ^ « (i + 2rt)] « phQ - (0.0911 

Since h = yil, these shears will be one-third of tho corresponding valmjs 
in the main span: 


Section 

Total Vt 


4- 26 kipe 

0.1 

+21 

0.2 

+ 10 

0.3 

+10 

0.4 

+ 6 

0.5 

0 


(1 - 

iJ 

ffCil 

[ — 

AM. y 

0.407 

2.23 

0.696 

0.5B2 

+ ■ 

194 

0.306 

1.79 

0.762 

0.305 

+ 

96 

0.160 

1.34 

0.866 

0.1 (>C) 

+ 

22 kips 
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There are no critical points for shear in the side spans. The majdmnm 
shear at any section xi is given by Eq. (Ill) : 


Max. Vi 

= 

-!)*[' 


1 

2 

t:) ■«(!)] 

Section 

n' i.2 hJ 

»(© 

( — ] 

0 

Xl\ 

“ zj 

* Max. Vi 


0.0183 

0.400 

0.993 

1 


-1-286 kips 

0.1 

0.0147 

0.482 

0.993 

0 

.81 

-f232 

0.2 

0.0110 

0.565 

0.994 

0 

.64 

-1-183 

0.3 

0.0073 

0.647 

0.995 

0 

.49 

4-140 

0.4 

0.0037 

0.726 

0.997 

0 

.36 

4-103 

0.5 

0 

0.800 

1.000 

0 

.25 

+ 72 


The minimum shears in the side spans are given by Eq. (113) : 

Min. Vi = Total Fi - Max. Vi 

Section Min. Vi 

Y = 0 —260 kips 


0.1 

0.2 

0.3 


-211 

-167 

-130 


0.4 


- 98 


0.5 


72 


22. Temperature Stresses. 

{Ht = T 80 kips) 

The stresses in the main span from temperature variation arc figured 
with the aid of Eqs. (117) and (118): 

Mi = -Hi . y 

Vt = — <p — tan a). (Here, tan a = 0) 

The temperature moments in the side spans are given by the formula: 

and will therefore be w ( = H) times the corresponding main span values. 

I»ARABOUO 


Section 

Cob FFICIBNT 

Mt 


0 

0 

0.1 

0.36 

±360 

0.2 

0.64 

±610 

0.3 

0.84 

±810 

0.4 

0.96 

±920 

0.5 

1 

±960 ft.-kips 
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The temperature shears in the side spans are given by the formula: 
Vi = — Ht- (tan tpi — tan ai). (Here, tan cei = 0.267.) 

7h 

They will be — ( = K) times the corresponding main span values : 


Section 

Tan <pi — tanoci 

Vt 

II 

O 

4ni = 0.133 

+ 11 kips 

0.1 

0.106 

±8 

0.2 

0.080 

±6 

0.3 

0.053 

+4 

0.4 

0.027 

±2 

0.5 

0 

0 


23* Wind Stresses in Bottom Chords. — 

(Assumed wind load = p = 400 lb. per lin. ft.) 

If the lateral bracing is in the plane of the bottom chords, these will 
act as the chords of a wind truss. The applied wind pressure p is partly 
counteracted by a force of restitution r due to the horizontal displacement 
of the weight of the stiffening truss to. The resulting reduction in the 
effective horizontal load is given with sufficient accuracy by the formula 

0 . 013 ^ 
r vEI 

V 




In this case, w = total dead load, both trusses, = 4,770 lb. per lin. 
ft.; V = vertical height from cable chord to center of gravity of the dead 
load = 130 ft.; I = moment of inertia of wind truss = 3^^ (137) (42.5)^ = 
124,000 in. ^ ft, ^ Substituting these values, we obtain 
r _ 0.173 

p 1 + 0.173 


= 0.147 


Hence the force of restitution r (due to the obliquity of suspension after 
horizontal deflection) amounts, in this case to 14.7 per cent of the applied 
wind load p at the center of the span. The force r diminishes to zero 
at the ends of the span, and the equivalent uniform value of r maybe taken 
as five-sixths of the mid-span value. The resultant horizontal load on the 
span is 

p — %r = 400 — %(59) = 3511b. per lin. ft. 

Treating this value as a uniform load, the bending moment at the center is 


Mw 


351Z2 

8 


±51,000 ft. -kips 


^For the derivation of this formula, see Steinman, Suspension Bridges and 
Cantilevers,” p. 76, D. Van Nostrand Co., 1913. 
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Dividing by the truss width 42.5 ft., we obtain the chord stress = + 1200 
kips at mid-span. The wind stresses at other sections will be propor- 
tional to parabolic ordinates, being zero at the ends of the span. 

The shears in the lateral system may also be calculated for the 
resultant uniform load of 351 lb. per lin. ft. The end shears will be 

Vu, = = + 190 kips 


In the side spans, unless they exceed 1,000 ft. in span length, the 
reduction in effective wind pressure may be neglected. (In this example, 

T 

~ would amount to only 1 per cent.) Hence, the moments and shears 


are calculated for the full specified wind load of 400 lb. per lin. ft., acting 
on simple spans 360 ft. in length. 

24. Design of Tower. — Each tower of this bridge consists of two col- 
umns of box section, stiffened with internal diaphragms, and rigidly tied 
together with transverse bracing in a vertical plane. Each tower column 
is 225 ft. high and is made of a double box section, 42.5 in. wide. The 
other dimension d, parallel to the stiffening truss, is 4 ft. at the top, 
increasing to 9 ft. at the base. The walls are 1^4 in. thick (made up of 
%-in. plates and corner angles) and the vertical transverse diaphragm is 
% in. thick. Splices are provided at such intervals as to keep the 
individual sections within specified limitations of length or weight for 
shipment. Horizontal diaphragms are provided at splices and, in gen- 
eral, at 10-ft. intervals. 

The tower columns are battered so as to clear the trusses. They 
are 42.5 ft. center to center at the top and 53.5 ft. center to center at the 
base. 

26. Movement of Top of Tower. — ^The towers are assumed fixed at 
the base, and the cable saddles immovable with respect to the tower. 

The maximum fiber stress in the tower columns will occur when the 
live load covers the main span and the farther side span at maximum 
temperature. Under this condition of loading, the top of the tower 
will be deflected toward the main span as a result of the following 
deformations: 

(1) The upward deflection (A/i) at the center of the unloaded side 
span. 

(2) The elongation of the cable between the anchorage and the tower 
due to the elastic strain produced by the applied loads. 

(3) The elongation of the cable due to thermal expansion. These 
deformations are computed as follows: 


(Live load = p' — 860 lb. per lin. ft. H = 1,040 kips) 

(1) The upward deflection Afi is found by considering the unloaded 
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side span as a simple beam subjected to an upward loading equal to the 
live load suspender tensions (Eq. (55)) : 

s = ^-H = ^ = 770 lb. per lin. ft. per truss 

384’^^ 

(2) The elastic elongation of the cable in the side span is, by Eq. (51), 


ALi = ^(l + tau* «i) = 0.178 (1.077) = 0.192 


ft. 


(3) The temperature expansion of the cable in the side span is, by 
Eqs. (50) and (19), 

ALi - utljseo ai + = 0.156(1.037) = 0.162 ft. 

\ 3 sec^ai/ 


We also have, 


ALi , 8 Tti^ 

—— = sec o£i “T ^ — 

All 3 sec^ai 


= 1.037 


--^=0.160 
Afi 3 sec^ai 

The deflection of the top of the tower is then given by 

*7 All A Jji .. , All ^ /at \ 

2/0 = All = . A/i + ^. S (ALx) 

Substituting the values just calculated, we obtain the maximum tower 
deflection: 

yo = ^ (0.428) -b ^ (0.192 + 0.162) = 0.408 ft. 


1.037 


26. Forces Acting on Tower. — Considering the above deflection yo as 
produced by an unbalanced horizontal force P applied at the top of the 
tower, this force may be calculated, if the sectional dimensions of the 
tower are known, by the formula 

P /x^ \ 

yo=^-s(y-A.)- 

In the present case, we find S j- A a; = 1,740. Hence, 

P 

P = yo' j yjiQ == 17,200 yo = 7,000 lb. per column. 

The other loads acting on the tower are the vertical reaction V at the 
saddles, and the end-shears Fi at the points of support of the stiffening 
truss. The saddle reaction is given by the formula: 

V = 2H tan Kp ^ (2) (4,340) (0.4) == +3,470 kips per column 
The truss reaction, with all spans loaded and maximum temperature rise, is 
Fi = (42 + 32) + (14 + 11) = +99 kips per column 
With one side span unloaded, as assumed above, 

Vi = (45 + 32) + (11 — 140) == — 52 kips per column 
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It will be on the safe side to neglect this uplift Vp, so that the column 
need be figured only for the horizontal load P and the vertical load F. 

At any section x of the tower (measured downward), the horizontal 
deflection y from the initial vertical position of the axis is given with 
sufficient accuracy by the equation for the elastic curve of the cantilever: 

27. Calculation of Stresses in Tower. — The resulting extreme fiber 
stresses at any section of the tower will be: 

Combined stress = ^ ^ 

The computations may be arranged as follows, the stresses being figured 
for convenience at 25-ft. intervals: 


Joint 

z 

1 / 0 -a/ 

a«2c 

A 

I 

a ;2 

V 

Pxc 

F(i/o — 2 /)c 

Combined 
stress (lb. 
per sq. in. ) 

(ft.) 

(ft.) 

(ft.) 

(sq, in.) 

(in.2ft2.) 

• 

X 

A 

I 

I 

0 

0 

0 

4.0 

280 

560 

0 

12,400 

1 

0 

0 

12,400 

1 

25 

0.068 

4.5 

296 

730 

0.86 

11,800 

500 

700 

13,000 

2 

50 

0.134 

6.0 

310 

940 

2.66 

11,200 

900 

1,100 

13,200 

3 

75 

0.197 

5.6 

326 

1,170 

6.40 

10,700 

1,200 

1,600 

13,600 

4 

100 

0.254 

6.0 

340 

1,440 

6.94 

10,200 

1,600 

1,800 

13,500 

5 

125 

0.306 

6.6 

366 

1,740 

8.98 

9,800 

1,600 

2,000 

13,400 

6 

150 

0.348 

7,0 

370 

2,080 

10.80 

9,400 

1,800 

2,000 

13,200 

7 

175 

0.380 

7.6 

386 

2,460 

12.42 

9,000 

1,900 

2,000 

12,900 

a 

200 

0.400 

8.0 

400 

2,880 

13.88 

8,700 

1,000 , 

1,900 

12,500 

1) 

225 

0.408 

0.0 

430 

3,850 

13.20 

2-69.64 

8,100 

1,800 

1,700 

11,600 


28. Wind Stresses in Tower. — To the above tower stresses produced 
by live load and temperature, must be added the stresses due to wind 
loads. 

The truss wind load of 400 lb. per lin. ft. produces a horizontal reac- 
tion at each tower of 

360 2 + 400 = 266 kips 

This acts at Joint 4 (a: = 100). 

The deflection of suspended truss under wind load produces at the 
top of each tower a horizontal reaction of 40 ^; and the wind on the sur- 
face of the cables produces an addition to this reaction amounting to 
lo( I + hence the total reaction at the tower top = 26 kips. 
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The wind acting directly on the tower is assumed at 25 lb. per sq. ft. 
of vertical elevation. This produces, at each joint, an equivalent con- 
centrated load of 25 X (25d) . 


Joint 

X 

(ft.) 

d 

(ft.) 

Wind 

load 

(kips) 

Shear 

(kips) 

Moment 

(ft.-kips) 

Column 

distance 

(ft.) 

A 

(sq. in.) 

Stress 
from W.L. 
(lb. per sq. 
in.) 

Stress from 
L.L. -ftem- 
perature 
(lb. per sq. 
in.) 

Total 
stress 
(lb. per 
sq. in.) 

0 

0 

4.0 

27 

0 

0 

42.5 

280 

. 

0 

12,400 

12,400 

1 

25 

4.5 

3 

27 

675 

43.5 

295 

100 

13,000 

13,100 

2 

50 

5.0 

3 ! 

30 

1,425 

44.5 

310 

100 

13,200 

13,300 

3 

75 

5.5 

3 

33 

2,250 

46.5 

325 

100 

13,500 

13,600 

4 

100 

6.0 

270 

36 

3,150 

48.5 

340 

200 

13,500 

13,700 

5 

125 

6.5 

4 

306 

10,800 

49.5 

355 

600 

13,400 

14,000 

6 

150 

7.0 

4 

310 

18,550 

50.5 

370 

1,000 

13,200 

14,200 

7 

175 

7.5 

5 

314 

26,400 

51.5 

385 

1,300 

12,900 

14,200 

8 

200 

8.0 

5 

319 

34,375 

52.5 

400 

1,600 

12,500 

14,100 

9 

225 

9.0 

3 

324 

42,475 

53.5 

430 

.1,800 

11,600 

13,400 


In the above table, the bending moments divided by the column 
distance gave the column stresses, and these divided by the areas gave the 
unit stresses from wind load. 

The transverse bracing of the tower is proportioned to resist the shears 
tabulated above. 

29. Calculation of Cable Wire. — The total length of each cable is 
given by Eq. (114): 

L = Z (1 + I n®) + 2Zirsec ai + “ \ 

o \ 3 sec® ai/ 

= 1,080(1.027) + 720(1.034 + 0.003) = 1,110 + 746 = 1,856 ft. 
To this must be added 43 ft. of cable at each end, between end of truss 
span and anchorage eyebars (scaled from drawing); hence, 

Total L = 1,856 + 86 = 1,942 ft. per cable 
No. 6 galvanized cable wire will be used = 0.192 in. diameter = 0.029 
sq. in. area. Each cable consists of seven strands of 386 wires each = 
2,702 wires at 0.29 sq. in. = 78 sq. in. (as required). 

Weight of No. 6 galvanized wire = 0.1 lb. per ft. 

Total cable wire = 2 X 2,702 wires at 1,942 ft. = 10,500,000 lin. ft. 

Total weight of cable wire = 10,500,000 ft. at 0.1 lb. = 1,050,000 lb. 

30. Calculation of Cable Diameter. — ^The area of a strand will be 10 
per cent greater than the aggregate section of the wires composing it. 
In this case the area of each strand will be 

(110 per cent)('^5'f) =* 12.3 sq. in. 

The corresponding diameter is 3.96 in. The cable diameter will be 
three strand diameters = 11.9 in. (Adding the thickness of wrapping, 
the finished cable will be 12.2 in. in diameter.) 
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31. Calculation of Wrapping Wire. — The wrapping consists of No. 9 
galvanized wrapping wire (soft, annealed), weighing 0.06 lb. per ft. 
Deducting lengths of cable bands, etc., there will be 3,250 ft. of cable to 
be wrapped. Since the wrapping wire is 0.15-in. diameter, it will make 
80 turns per lin. ft. The diameter of the cable is 11.9 in., hence the 
length of each turn will be 3.16 ft. 

Length of wrapping wire = 80 turns at 3.16 ft. == 

253 ft. per lin. ft. of cable. 

Weight of wrapping wire = 253 ft. at 0.06 lb. = 

15.2 lb. per lin. ft. of cable. 

Total wrapping wire = 3,250 ft. of cable at 15.2 lb. = 50,000 lb. 

32. Estimate of Rope Strand Cables. — Instead of building the cable 
of individual wires, manufactured rope strands may be used. In the 
case at hand, with a factor of safety of 3, there would be required 61 
1%-in. strands per cable. 

Cable stress per strand = 4,700 kips -i- 61 = 77 kips. 

Allowable stress per 1^-in. strand = 248 kips -f- 3 = 82 kips. 

(Allowable stress per strand = 212 kips -4- 3 = 70 kips.) 

These galvanized steel ropes weigh 5.10 lb. per ft., hence, the total 
weight in the cables would be 

2 X 1,942 ft. X 61 strands at 5.10 lb. = 1,210,000 lb. or 15 percent 
heavier than the parallel wire cables. 

The diameter of the resulting cable would be 7 X 1% in. = 12.25 in. 
plus the wrapping. 

(If rope strands are used, it should be remembered that their modulus 
of elasticity E is less than 20,000,000, as compared with about 30,000,000 
for parallel wire cables.) 

ERECTION OP SUSPENSION BRIDGES 

The erection of suspension bridges is free from the hazards attending 
other types of long span construction. 

The normal order of erection is: Substructure, towers and anchorages, 
foot bridges, cables, suspenders, stiffening truss and floor system, road- 
ways, cable wrapping. 

The cables are the only members requiring specialized knowledge for 
their erection. The other elements of the bridge, for the most part, are 
erected in accordance with the usual field methods for the correspond- 
ing elements of other structures. 

33. Erection of the Towers. — ^The erection of the towers may proceed 
simultaneously with the construction of the anchorages. 

For the Manhattan Tower of the Williamsburg Bridge, a stationary 
derrick on the approach falsework was used to erect the steel up to 
roadway level; the erection was then completed by two stiff-leg derricks 
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mounted ou a timber tower built up on the cross-gii cioi be. twee, n the two 

In the case of the Manhattan Bridge, the tower (Fig. 29) consists of 
four columns supported on cast steel pedestals rejstmg on base plates 
set directly on the masonry pier. The tower colu«xns were erected by 
the use of ingenious derrick platforms (one for eaoli pair of columns) 
adapted to travel vertically up the tower as the erection proceeds . 
Each platform projected out from the face of the tower on the shore suie 
and was supported by two bracket struts below. ^ he tipping moment 
was resisted by sets of rollers or wheels engaging the otlges of the eoIunuiB, 
and the vertical support was furnished by hooks enpciigmg the projecting 
gusset plates of the bracing system. With a 45~-ft. stiff-leg derrick 



Fig. 28. — Kingston Bridge — Towers and footbridges. ( 1021“ Bpnn 705 ft.) 


mounted on each platform, the sections of the tower wore lifted from the 
top of the pier and set in place. When a full section had been added to 
the tower, blocks were fastened to the top and fa.lis attached to the 
derrick platform by which it then lifted itself to tho next level. 

In addition to the two traveling derricks, there wore required, for the 
erection of each tower: two hoisting engines and one stiff-leg derrick on 
the pier; two storage scows moored to the pier; a power plant with air 
compressor on shore; 30 pneumatic riveting hammers; and fl forges. 
The force at each tower consisted of 100 men including 6 riveting gangs. 
The erection record was 2,000 tons of steel at one tower ia 16 working 
days. 

For smaller bridges, the towers may be erected by gin-pole or by 
stationary derrick alongside. For the suspension bridge at Kingston, 
N. Y. (Fig. 28), a guyed derrick with 95-ft. steel boom was set up on a 
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square timber tower 80 ft. high for the erection of each steel tower; the 
same derricks later erected the adjoining panels of the stiffening truss. 

34. Stringing the Footbridge Cables. — The general method consists 
in taking one or more ropes across the river by means of a boat, and then 
raising to position. 

For the Manhattan Bridge (Fig. 29), sixteen 1%-in. wire ropes were 
swung between the towers in four groups of four, each group to make a 
single footbridge cable. The four reels were mounted on a scow brought 
alongside one of the towers, A. The end of each rope was unreeled, 
hauled over a roller saddle oh top of the tower, and secured to the anchor- 
age A. Then the scow was towed across the river, laying the ropes along 
the bottom, to the opposite tower B. The remainder of each rope was 



Fiu. 29.— Manhattan Bridge — Cable spinning. (1909 — Span 1,470 ft.) 


then unreeled and coiled on the deck of the scow. Then, while river 
traffic was stopped for a few minutes, the free end of each rope was hauled 
up by a line over the top of tower B to the anchorage B, the middle of the 
rope or bight rising out of the water during this operation. The ropes 
were then socketed and adjusted to the precise deflection desired as deter-' 
mined by levels. 

86. Erection of Footbridges.— The next step is the construction for 
each cable of a footbridge or working platform which permits the wires 
to be observed and regulated throughout their length, and greatly 
facilitates the entire work on the cables (Figs. 28, 29, 32). 

For the Manhattan Bridge (Figs. 29, 32), four platforms were con- 
structed, 8 ft. wide, placed concentric with the main cables and 30 in. 
(clear) below them. The timber floor beams were secured to the upper 
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side of the footbridge cables by XJ-bolt clamps. Upon the outer portions 
of the floorbeams were dapped the stringers, and on these were spiked 
the floorboards. Each platform carried hauling towers’^ (Fig. 29), about 
250 ft. apart, to support the sheaves of the hauling ropes used for 
placing the strand wires. The platforms were braced and guyed by 
backstays from each tower, and by inverted storm cables connected to 
them at 54-ft. intervals (Fig. 29); and were provided with wire rope 
hand rails. 

For the Brooklyn Bridge, the timber staging consisted of one longi- 
tudinal footbridge and five transverse platforms, called ''cradles,” from 
which the wires were handled and regulated during cable-spinning. 



Fig. 30. — 'Williamsburg Bridge — Traveling wheel for cable spinning. (1903 — Span 

1,600 ft.) 

36. Initial Erection Adjustments. — ^It has become general practice 
to use the method introduced by Boebling of spinning the desired number 
of parallel wires in place and then combining them into a cable. 

Guide wires are used as a means of adjusting the individual wires to 
equal length. 

Special computations have to be made for the location of the guide 
wires, for setting the saddles on top of the towers, and for the length of 
the strand legs. 

Knowing the desired final position of the cable under full dead load, 
its length is carefully computed from center to center of shoe pins at the 
anchorage. Applying corrections for elastic elongation (due to sus- 
pended load) and for difference of temperature from the assumed mean, 
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the length of unloaded cable is determined. This gives the length of 
the guide wire between the same points. 

Assuming no slipping of the strands in the saddles, the initial position 
of the saddles is computed so as to balance tensions between the main 
and side span catenaries. This gives the distance the saddles must 
be set back (toward shore) from their final position on the tops of the 
towers. 

Since the strands will be spun above their final position, the initial 
position of the strand shoes will be a short distance forward or back of 
their final position. This distance is carefully computed and gives the 



Fio. 31.— Williamsburg Bridge — ^Strand shoos in position duniig cable spinning. (1003 — 

Span 1,600 ft.) 


required length of the strand legs (Fig. 31). The distance may also be 
determined or checked by actual trial with the guide wire. 

Taking into consideration the previously calculated and corrected 
total length of cable between strand shoes, the initial raised position of 
the strands above the tower saddles, and the length of strand legs shifting 
the initial position of the strand shoes, the ordinates of the initial caten- 
aries in main and side spans are carefully computed. These ordinates 
are used for setting the guide wires with the aid of transit and level 
stationed at towers and anchorages. 

The initial erection adjustments for the Brooklyn, Williamsburg, 
Manhattan, and Kingston Bridges are summarized and compared in the 
following table: 



352 


MOVABLE AND LONO-SPAN STEEL B/ill^SS [Sec. 6-37 


Initial Position of Cable Stbane>^ 
With Reference to Final Position 



Height 

above 

crown, 

feet 

Height 

above 

saddle, 

feet 

Distance 
sa^cldle set 
back, 
feet 

X.)istanc( 
shoe set 
hack, 
feet 

Brooklyn 

57.0 

2.1 

0.1 

12.0 

Williamsburg 

15.0 

2.0 

2.75 

* a.o 

Manhattan. . 

2.0 

2.0 

0.0 

■ l,Ki 

Kingston 

1.25 

1.25 

0.5 

' 0,2^ 


37. Spinning of Cables. — The operation of cal>l« spinning requiiw 
an endless wire rope or “traveling rope” (Figs. 29, 30) suspended across 
the river and driven back and forth by machinery for the purpose of 
drawing the individual wires for the cable from one anchorage to the other. 
There is also suspended a “guide wire” which is established by <!oinpuf u- 
tions and regulated by instrumental observations so as to give tlic desired 
deflection of the cable wires. 

Large reels upon which the wires are wound aro placed at the ends 
of the bridge alongside the anchor chains (Figs. 29, 30). The free (utd of 
a wire is fastened around a grooved casting of horaeshoo shape called a 
“shoe” (Fig. 31), and the loop thus formed is hung around a liglit grooved 
wheel (Fig. 30) which is fastened to the traveling rofw. The trav<ding 
rope with its attached wheel, moving toward the otHor end of the bridge, 
thus draws two wires simultaneously across from one anchorage to 
the other; one of these wires, having its end fixed to the sIkw, is called the 
“standing wire”; while the other, having its end on the reel, is called the 
“running wire” and moves forward with twice the Rjreed of the traveling 
rope. Arriving at the other end, the wire loop is taken off the wheel an<i 
laid around the shoe at that end. The two wiros are then adjusted 
so as to be accurately parallel to the guide wire, the ofieration of adjust- 
ment being controlled by signals from men stationed along the footl»ridge. 
The wire is then temporarily secured around the ahoe, an<i a new hmp 
hung on the traveling wheel for its second trip. After 2(X) or more wires 
have thus been drawn across the river and accurately set, they are tied 
together at intervals to form a cable strand. 


For the Manhattan Bridge, the wires (drawn in 3,000-ft. lengths) 
were sphced to make a continuous length of 80,000 ft. (4 tons) wound cm a 
wooden reel. On each anchorage were set eight reel stands, each with a 

3 /" Supported above the footbridges were 

eight endless /i-in. steel traveling ropes ” passing around 6-f t. horizontal 
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sheaves at the anchorages. Attached to each endless rope at two equi- 
distant points were deeply grooved 4-ft. carrier sheaves (“traveling 
wheels”) in goose-neck frames (Figs. 29, 30). The “strand shoe” 
(Fig. 29) was held 22 in. in front of final position by a special steel 
construction called a “strand leg” attached to the pin between two anchor- 
age eyebars. (In the case of the Williamsburg Bridge, Fig. 31, the strand- 
leg construction was reversed, the shoe being held 3 ft. back of final 
position.) The bights of wire were placed around the traveling wheels 
and pulled across, taking about 7 min, for a trip of 3,223 ft. from anchorage 
to anchorage. As each part of the wire became dead, it was taken by 
an automatic Buffalo grip and adjusted to the guide wire. After each 
strand (256 wires) was completed, the wires were compacted with curved- 
jaw tongs and seized with a few turns of wire every 10 ft. Then, with 
a “strand bridle” attached to a 35-ton hydraulic jack, the shoe was pulled 
toward shore, releasing the strand leg and the eyebar pin. The strand 
shoe was then revolved 90 deg. to a vertical position and pulled back to 
position on the eyebar pin. The strand was then lifted from the 
temporary sheaves in which it was laid at the anchorages and the towers, 
and lowered into the permanent saddles; a 20-ton chain hoist and steel 
“balance beam” being used for this operation. The strand was then 
adjusted to the exact position desired by means of shims in the strand 
shoe. After the seven eenter strands of a cable were completed, they 
were bunched together with powerful hydraulic squeezers to make a 
cylinder about 9)*^ in. in diameter. Then the remaining strands were 
completed and compacted in two successive layers around the core. 
Then the cable was coated with red lead paste, and the permanent cable 
bands . and suspenders were attached. The foot bridges were hung to the 
completed cables to be later used for the work of cable wrapping, and the 
temporary foot bridge cables were cut up for use as suspenders. 

38. Erection of Trusses and Flqor System. — ^The suspension from the 
cables permits the steelwork to be erected without falsework. 

In the Manhattan Bridge, the truss is supported at each panel point 
by four parts of 1%-in. steel rope suspenders with their bights engaging 
the main cables and having at the lower end nut bearings on horizontal 
plates across the bottom flanges of the lower chord. 

All members were shipped separately, the chord members in two- 
panel-length pieces weighing 26,000 to 30,000 lb. each. 

The erection proceeded at four points simultaneously, working in 
both directions from each tower (Fig. 32). Traveler derricks of 25-ton 
capacity were used, with 34-ft. mast and 50-ft. boom, provided with 
bull-wheel. At each point of erection there were two of these large 
derricks, also one jinnywink derrick with 30-ft. boom and 7-ton capacity. 
In addition to these twelve movable derricks, there were four stationary 
steel-boom derricks at the towers. 

23 
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Starting at the towers, the lower chords and floor system were assem- 
bled two panels in advance of the travelers, making temporary connec- 
tions to the suspenders (Fig. 32), until the anchorages and mid-span were 
reached. Then the travelers returned to the towers to commence their 
second trip. 

The material was hoisted by the tower derricks and loaded on service 
cars which delivered it to the traveler derricks. 

On the first trip, the lower chords, lower deck and verticals were 
erected; on the second trip, the truss diagonals were erected; and on the 
return (Fig. 33), the upper deck and transverse bracing were put up, 
thus completing the structure. 



Fig. 32. — Manhattan Bridge — Erection of lower chords and floor system. (1909 — Span 

1,470 ft.) 


A force of 300 men was employed on this work, and their record was 
300 tons of steel erected in a day. 

The first few panels of the main span are generally erected by the sta- 
tionary derricks at the tower as far as their booms can reach. Additional 
panels may be erected by drifting or outhauling from the cable; or by the 
use of ^‘runners,” that is, block and falls suspended from the advance 
cable band and operated by the hoisting engine at the tower. At King- 
ston, the latter method was adopted, dispensing with the use of travelers. 

39* Final Erection Adjustments. — ^The elevations and camber of the 
roadway are checked with levels and corrected where necessary by adjust- 
ing the lengths of the suspenders. 

In completing the stiffening truss, the closing chord members should 
be inserted after all the dead load is on the structure, the connecting 
holes at one end being drilled in the field. 
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If the closure of the stiffening truss has to be made before full dead 
load is on the structure or at other than mean temperature, the vertical 
deflections are computed for these variations from assumed normal condi- 
tions and the suspenders adjusted accordingly before connecting the 
closing members. In adjusting the suspenders, the center hanger is 
shortened or lengthened the calculated amount, and the other hangers are 
corrected by amounts varying as the ordinates to a parabola. 

If the trusses are assembled on the ground before erection, the exact 
camber ordinates can be measured and reproduced (by suspender adjust- 
ment) so as to secure zero stress under full dead load at mean temperature. 

An ideal method of checking the final adjustments is by means of an 
extensometer, which should check zero stresses throughout the stiffening 



Fig. 33. — Manhattan Bridge — Erection of upper chords of stiffening truss. (1909 — Span 

1,470 ft.) 


truss when normal conditions are attained, or calculated stresses for any 
variation from assumed normal conditions. 

40. Cable Wrapping. — Close wire wrapping has proved to be the most 
effective protection for cables. 

For the Manhattan Bridge, No. 9 galvanized soft steel wire (0.148 in. 
in diameter) was used. This was rapidly wound around the cable by a 
simple and ingenious machine operated by an electric motor. This 
machine, designed by H. D. Robinson, is illustrated in Fig. 34. 

In advance of the machine, the temporary seizings are removed and 
the cable painted with a stiff coat of red lead paste. The end of the wrap- 
ping wire is fastened in a groove at the end of the cable band. The 
machine, carr 3 dng the wire on two bobbins or spools, travels around the 
cable and applies the wire under a constant tension. The machine 
presses the wire against the preceding coil and at the same time pushes 
itself along at a rate of about 18 ft. per hr. 
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The machine weighs 1,000 lb. and is operated by a Ij'^-h.p. motor at 
a speed of 13 rev. per min. It is handled by a force of six men. 

41. Erection of Wire Rope Cables. — ^The individual wire ropes com- 
posing a cable of this type may be towed across the river in the same man- 
ner as the temporary footbridge ropes of a parallel wire cable (see p. 
349); or they may be strung across by means of a single working cable 
stretched from tower to tower. 

The latter method was used for a footbridge of 640-ft. span built over 
the Cumberland River by the American Bridge Company (Fig. 25) . Each 
cable consisted of seven ropes of 1% in. in diameter. A working cable of 
1-in. wire rope was first stretched across between the towers for each of the 
main cables. The main ropes were unwound from the reels back of one 



Fig. 34. — Cable wrapping machine in working position on Manhattan Bridge. 


tower. One end of a rope was lifted to the top of the tower and hauled 
across the river to the top of the opposite tower, the rope being supported 
from the 1-in. working cable by blocks attached at intervals of about 60 
ft., thus preventing too much sag. The rope was then lowered to approxi- 
mately correct position, and the sockets attached to the tower shoes. 
The remaining ropes were then stretched in the same manner, and all 
were then adjusted by nuts at the ends until they touched a level straight 
edge held on the fixed line of sag determined by a transit in the tower. 
The cable clamps and suspenders were then placed by men on a movable 
working platform hung from the cables, beginning in the center and work- 
ing toward each end. The floor system was also erected by men on the 
working platform, in this case working from both ends toward the center. 
The platform was then removed, and the trusses were erected from the 
ends toward the center by workmen on the floor system, using the two 
working cables (shifted to the center of the bridge) as a trolley cable for 
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transporting the truss sections to position. Adding the top lateral brac- 
ing, railings, and wood floor, the structure was completed. 

42. Erection of Eyebar Chain Bridges. — Chain suspension bridges 
have, as a rule, been erected upon falsework. 

For the Elizabeth Bridge at Budapest (1902, span 951 ft.), the false- 
work consisted of huge scaffoldings built on piles and protected from 
floating ice by ice breakers. Four openings of 160 ft. were left for vessels, 
and these openings were spanned by temporary timber bridges floated 
into place on pontoons. After the falsework was completed, the main 
chains were erected in 12 weeks. The falsework was then taken down and 
the steelwork completed. 

A different scheme, eliminating heavy falsework, was used for the 
Clifton Bridge (1864, span 702 ft.). Under each set of three chains, a 
suspension foot bridge was constructed, using wire ropes. Above this 
staging, another rope was suspended to carry the trolley frames for trans- 
porting the links. The chains were commenced simultaneously at the 
two anchor plates; the lowest of the three chains being laid first. Com- 
mencing at the anchorage, there were inserted the whole of the links, 
namely 12, then 11, 10, 9, 8 and so on until the chain was diminished to 
one link; then the chain was continued with one and two links, alternately, 
until the two-halves met at mid-span. The suspended foot bridge was 
strong enough to carry the weight of this chain until the center connection 
was made; the chain was then made to take its own weight by removing 
the blocking under it. The next operation was to add the remaining 
links of the chain on the pins already in place. The process was repeated 
for the upper chains, and then the roadway was suspended. 

43. Time Required for Erection. — ^The time schedule for the Man- 
hattan Bridge (1,470-ft. span) was as follows: 


First substructure contracts let 1901 

Pier foundations commenced May, 1901 

Work commenced on final (revised) design March, 1904 

Stool towers commenced July, 1907 

Towers completed (12,600 tons) July, 1908 

Temporary cables strung June 15-20, 1908 

Foot bridges constructed July 7-13, 1908 

Spinning of main cables commenced (4 cables) Aug. 10, 1908 

Last wire strung (37,888 wires) Dec. 10, 1908 

Erection of suspended steel commenced Feb. 23, 1909 

Suspended steel completed (24,000 tons) June 1, 1909 

Approaches completed and bridge formally opened. . . Deo. 31, 1909 


The steel erection, amounting to 42,000 tons of steel between anchor- 
ages and including towers, cables, trusses and decks, was accomplished 
in two and one-half years. 
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The Kingston Suspension Bridge (705-ft. span) was completed in 
one year (1920-1921), although several months were lost waiting for 
steel delivery. The bridge contains 1,600 tons of structural steel and 
250 tons of cables. 

The 400-ft. span suspension bridge at Massena, N. Y., containing 
400 tons of steel, was erected complete in six months. 
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STEEL ARCH BRIDGES— GENERAL 

By C. B. McCullough 

1. Classification and Types of Steel Arch Bridges. — The steel arch 
structure is distinguished from the truss or girder in that the reactions at 
the supports are inclined rather than vertical. Figure la illustrates a 
typical steel truss structure. One support is derived from the fixed 
pin at & and the other from a pin resting at a on a roller nest, or other 



Pio. 3. — Shigle-hingod arch. 



Fig. 5. — Throe-hinged arch. 

type of support so arranged as to provide for free lateral movement. 
From the figure, it is at once observed that both abutment reactions 
will be vertical in direction. If the roller at o be replaced by a fixed pm, 
as shown in Fig. 1&, the structure at once becomes a two-hinged ^ch. 
If member od wore to be removed, the structure would become a three- 
hinged arch (see Fig. ic). 
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Classified according to the method in which id it* strcm^s are dintrib- 
uted throughout the superstructure, arches may i group(Hl uruh*r four 
main headings as follows: 

(1) Hingeless or fixed arches as shown in Fig- 

(2) Single-hinged arches as shown in Fig. 3. 

(3) Two-hinged arches as shown in Fig. 4. 

(4) Three-hinged arches as shown in Fig. 5. 



Pig. 6. — Parallel curve rib arch (do<*.k h| ihi-iO. 


Classified in accordance with the method in whic^It t he ril» m fal>rieai(Hl 
and the deck carried by the rib, arch bridges may uiuitu* the 

following headings: 



Fig. 7, — Half through arch, two-hingocl croHcont {rth ur»«h), 


(1) Solid Rib Archer , — ^Arches of this character may he eitiior fixed 
or with one, two or three hinges. The two-hingecl ty|m may be either 
parallel curved as shown in Fig. 6, or of the creace^U type m shown in 



Fig. 8. — Parallel curve throe-hinged arcl* till. 


7. The three-hinged type may be either paraHeZ curved as shown in Fig. 

8, or lenticular m section as shown in Fig. 9. The most commonly u«ul 

form of plate girder or solid webbed arch rib is that of a paro/tel cMifcd 

nb of constant depth throughout its length. 

the iolid wS? type differs from the above typo in that 
solid web of the former is replaced by a system of diagonal bracing 

Either a single or a double intersection web system may lie used, as shown 
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Hg. 10. The single intersection type avoids considerable ambiguity 
.nalysis. The double type on the other hand is said to result in lower 
>ndary stresses. 



Fig. 9. — Lenticuhir rib arch (three-hinged). 


(3) Spandrel Braced Arches . — ^Arches of this type are generally con- 
icted with two or three hinges on account of the difficulty encountered 




the abutments. This type of construction' generally consists of a 
adequately anchoring the skewbacks to produce a condition of fixity 



Fia. 11. — Double dock spandrel braced arch. 


rizontal top chord, a curved or arched bottom chord, and a system of 
igonal bracing connecting the two. Figure 5 illustrates this type of 
ih structure. 
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Arches may be further classified as through, arches, half through- 
arches or deck arches in accordance with the method by winch the 
roadway is supported by the arch proper. ThroUgli and Imlf-through 
arches are nearly always of the rib type; although it is iwasiblo to construct 
a double deck spandrel-braced arch wherein the lower deck passes through 

the arch frames as shown in Fig. 11. « 

2. Relative Merits of Various Types of Arch Construction. 

2a. Fixed or Hingeless Type.— The principal mlvantap 
claimed for this type of construction is its rigidit»y- Its principal dis- 
advantage lies in the fact that a lateral 3 delding of the foundations will 
induce very heavy stresses in the superstructure. C,^ther conditions Itcing 
equal, this type will probably show a slight saving^ ia metal over either 
of the hinged types of construction. One of the cl inad vantages charged 
against this type of construction is the labor involved in making the 
calculations. This, however, should not be considered a serious objection 
for fixed arch analysis has now been standardized, to a point where tlie 
labor involved is not so great as formerly, and, mofcovor, the exjjensi* 
of even the most laborious calculation is very smftH in comparison witli 
what may be saved on a large superstructure by rofincmonts in design. 

26. Single Hinge Type.— This type of construction is very 
rarely used and possesses no distinct advantage?^. One of tlie most 
notable designs of this type was one proposed by CThas. Worthington for 
spanning the St. Lawrence River at Quebec, this design contem{)lating 
a structure of some 1,800-ft. clear span. This typo of structure is 
undoubtedly less rigid than the fixed type and posscsascs only one distinct 
advantage, namely, that of definitely locating tho line of thrust at the 
crown.i 

2c. Two-hinged Type. — ^Undoubtedly not as rigid as tlic 
fixed type, but involves somewhat less labor in the making of calculations. 
This type presents the advantage of definitely locating the thrust lines 
at both skewbacks, which is a distinct advantage for certain foundation 
conditions. 

2d Three-hinged Type. — ^The principal disadvantage of 
this type lies in its lack of rigidity. Its principal advantage lies in its 
freedom from temperature stresses and in the fact t.hat vertical or lateral 
movements of the supports, unless they be of comsiderablo magnitude, 
will not induce any material stress in the superstructure. 

The three-hinged arch will probably require ttiorc metal than the 
fixed arch of corresponding dimension. No definite relationship has ever 

1 It wUl be shown in Art. 5, p. 368, that wherever a Itingo is uurnl, the line «f 
thrust for the arch rib must pass through such hinge for ovt-ry jKHtilkm of the inniiiiig, 
otherwise the stracture would rotate about the hinge in qu€*«e«in. Thus every hingi! 
introduced provides one point of dejinits locdtiofi for the crtlierwisi) unknown thrust 

liup.. 
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been established nor data presented as to the realtive economy of these 
two types of construction. 

2e. Various Types in General* — In regard to the above 
types in general, it may be stated that the three-hinged type has been 
by far the most extensively used t 3 rpe of structure in America, but that 
the fixed arch is becoming more and more popular with American engi- 
neers. Where suflScient head room is provided so that the arch may be 
constructed with a generous rise, temperature stresses in this last type 
of structure do not assume very great importance. Flat fixed arches on 
the other hand may develop temperature stresses amounting to a large 
percentage of the total stress in the rib. 

Arches in general are especially to be commended for their beauty of 
line and have been used in Europe to a much greater extent than in this 
country probably for the above reason. This type of construction is 
most adaptable to deep, rocky ravines where 
ample head room can be secured, and where 
natural foxmdations of the best are encountered. 

It is probably not the part of wisdom to place 
arch structures on pile foundations except per- 
haps arches having three hinges. It is true that 
some fixed arches have been constructed on 
foundations of this character apparently with 
satisfactory results; however, the cost of abut- 
ments of a size sufficient to distribute the 
eccentric arch thrust in such a manner as to 
provide safe bearing values on the foundation 
material or on the piling, will generally be so 
great as to eliminate this type of construction 
from competition for foundation conditions of 
this character. 

3, Loadings on Arch Bridges. — ^The loadings 
for which an arch structure should be designed 
are as follows: (1) Dead load; (2) live load; (3) 
impact; (4) wind load; and (5) temperature and 
rib shortening. 

Stresses resulting from dead load, live load 
and impact should be carried by the metal 
at the usual allowable unit stresses. It is permissible, however, to 
increase these stresses when considering the above loads in combination 
with wind or temperature; and to increase them still further when 
considering both wind and temperature stresses acting simultaneously. 
It is general practice to increase ordinary unit stresses of from 25 to 30 
per cent for dead, live and impact loadings plus either wind or temper- 
ature. It is also customary to allow these original unit stresses to be 



Fig. 12. — Showing method 
of inclining the planes of the 
arch frames to provide 
greater lateral stability at 
skewbacks. 
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increased up to 40 per cent' when considering the above stresses together 
with wind and temperatiure acting simultaneously. 

Steel arch bridges must be thoroughly investigated for witul stresses 
both as affecting the bracing and as affecting the truces tliomselves. 
In many cases arch trusses have been erected in an inclined or hatfered 
plane, as shown in Fig. 12, so that the lower chord spread increases from 
crown to skewback. In this manner a greater stability against wind or 
other lateral forces can obviously be secured. 

4. Erection of Arch Bridges. — The principal advantages in the span- 
drel-braced arch lies in the fact that it can many titties bo erected jis a 
cantilever, thereby dispensing with false work and saving considerable 
in the cost of erection. It is also possible many times to so erect an arch 
bridge as to cause it to act as a three-hinged arch under dead load, or a 
portion of the dead load, afterwards fixing one or more of the hinges, thus 
causing the arch to act as a two-hinged or fixed arch nmler live loatl ami 
impact. Pigmes 13 and 14 are construction views of a fixed rib arch 
structure being erected across the Willamette River at the present time 
under the direction of the writer. 

This structure was erected piece by piece from a scow derrick and the 
sections held in place by means of stay-cables running from oltl timber 
suspension bridge towers, as shown in Fig. 13. Figure 14 shows the 
structure connected up at the center. It will be noted that the central 
portion was not supported by stay-cables, but by bents resting on steel 
cables which had formerly been used to support the 8U8{M>nsion bridge 
which crossed the river at this point. This structure as shown in h’ig. 14 
acts as a three-hinged arch. The hinges are detailotl inside the rib and 
are not visible in the photograph. Figure 15 is a elose-uj) showing the 
crown hinge which is placed inside the rib at the crown as shown. Figure 
16 shows the skewback hinges and Fig. 17 the grillafi:© upon which they 
set. At a certain point in the erection program, it is contomplatcHl that a 
n^led plate will be inserted at the crown to fill tho key gap shown in 
Fig. 15, and a cover plate riveted over this, thus eomplotoly fi.xing the 
crown. The skewback hinges are then to be concreted In. (Those 
hinges set back some 8 or 10 ft. into solid rock [and tbe entire cavern will 
be filled with concrete, thus completely fixing the ends of the rib.) 

Comparative calculations were made for the total stresses resulting 
when the rib was assumed as being fixed at different stages of the erecticjn 
Md It was found that a great deal of economy could b« effected by allow- 
mg the nb to remain as a three-hinged arch until after the concrete floor 
was placed upon the structure because of the fact that some of the 
stresses induced when the structure was carrying load as a throe-hinged 
arch were in a direction such as to counteract the Btressos at the same 
point due to additional loading on a fixed arch. This fact, theroforo, 
made It possible by properly combining the two actions, to docroase the 
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Fig. 15. Fig. 16. 

Fig. 15. — Oregon City Bridge. Temporary pin at crown. Used during 

tion. Splice plate to be driven into tapered gap and riveted after floor load is p 
thereby relieving hinge of further action. 



Fig. 17. 
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total dead load stress from the value it would assume if the arch were to be 
fixed either earlier or later in the erection program. A study of this 
kind, especially for this type of construction, will doubtless be found 

worth while in every case. 

Figure 18 illustrates a device some- 
times employed for the erection of 
spandrel braced arches by the canti- 
lever method. The erection member 
ac is pin connected to the upper chord 
end panel point and anchored back into 
the solid rock, or by means of '^dead 
^ men.^' Inserted in this tie member is ' 

a ^Hoggle joint or eyebar parallelo- 
/JW / gram as shown in Fig. 186. By means 

of the toggle, points 6 are moved in or 
/ out, thus controlling the length of the 

(6)06^011 of Erection Toggle tension member, and hence, the ele- 

Fig. 18. — Cantilever method for erecting yation of the Cantilevered arm. This 
an arch frame. _ , , . . , 

adjustment is necessary m order to 
enable the arch to close at the crown. Either two- or three-hinged arches 
may be erected in this manner. When two-hinged spans are thus erected, 
the center panel must be made to close at a certain predetermined 
temperature — otherwise, temperature strains, other than those for which 
the structure was designed, are introduced. 

6. General Design Features. 

6a. Shape of Arch. — ^It will be clear from a consideration of 
the laws of graphic statics and from the discussion of Sec. 8 that the 


(6)06^011 of Erection Toggle tension member, and hence, t] 

Fig. 18. — Cantilever method for erecting y^tion of the Cantilevered arm. 
an arch frame. , . . . . 



Fig. 19. 


external forces and corresponding support reactions on any arch structure 
may be resolved into an ^^equilibrium polygon^' or ^Hhrust line” passing 
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through the rib or frame at or near its center. Thus in Fig, 19, the forces 
FrFe inclusive together with the corresponding support reactions Ri 
and R 2 may be completely replaced by the thrust line Ri — — ifa. 

If the three-hinged arch of Fig. 19 is loaded with the system FtF^, 
such load, deflecting slightly, causes the arch to rotate about each hinge 
until it attains a deflected shape such that the thrust line passes through 
such hinge after which there can be no further movement. For any 
arch, therefore, under any load condition whatsoever, the thrust line 
(for equilibrium) must pass through every hinge. 

E this same arch (Fig. 19) were to be fixed at crown and skewbacks, 
as shown in Fig. 20, it is clear that the rib would have a different deflection 
under the same load system {Fi-F^ and the corresponding thrust line 



would not have the same position relative to the rib, but would have a 
position such as shown (greatly exaggerated) in Fig. 20. The support 
reactions Ri and R 2 would be eccentric and would be of different magni- 
tude and inclination from Ri and R^ of the three-hinged arch. 

Referring back to Fig. 19 it will readily be observed that wherever 
the thrust line is normal to the rib and coincident with the neutral axis 
of the same, the stress consists of an axial thrust only. Wherever 
the thrust line is not normal but passes through the neutral axis (as 
shown in Fig. 196), the rib stresses at that point consist of an axial 
thrust N and a shearing stress /. Whenever the thrust line fails to 
pass through the neutral axis of the arch rib, there is developed in addi- 
tion to the above stresses a bending moment M equal to iVp (see Fig. 19c). 

It is therefore seen that the introduction of a hinge at any point 
definitely locates the thrust line and reduces the bending moment to 
zero at this point. It should also be clear that the use of such hinge 
operates to cause the structure to deflect more readily under load. A 
hinged arch, as pointed out in a former paragraph, is therefore, less rigid 
than a fixed arch of the same dimension, but presents the advantage of ^ 
definitely fixing the pressure line and causing it to pass through the 
same point for any load condition. The pressure line, of course, will move 
up or down between hinges with a change in load, but not at the hinges. 
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When the arch is fixed at the skewbacks, the pressure line acting 
against the foundations will shift under live load, causing a certain 
amount of '^churning,’’ or rocking tendency. A hinge at this point will 
fix the point of application of this thrust, although its direction will 
shift somewhat under moving live load. For foundations where rocking 
is particularly undesirable, such as’ pile foundations, a skewback hinge 
is thus seen to afford a distinct advantage even at the expense of decreased 
rigidity. 

From the foregoing it should be apparent that arch ribs so designed 
as to keep the line of pressure at or near the neutral axis of the rib at all 
points, present the advantage of eliminating or reducing bending stresses 
and thus effecting a saving in metal. It is, of course, impossible to do 
this for moving live loads as these vary from time to time, thus shifting 
the pressure line, but for dead loads the pressure line may be made to pass 
very nearly through the neutral axis by a proper selection of the rib. 



Fig. 21. — Method of loading Fig. 22. — Method of selecting arch curve to 

which produces a “Catenarian** coincide with the dead load thrust line, 

thrust line. 


For certain arrangements of dead load, the pressure line assumes 
certain definite curves which fact is often made use of in the preliminary 
selection of a curve for the neutral axis of an arch rib. 

If the dead load varies as the distance a measured from the axis of the 
rib to a horizontal line, as shown in Fig. 21, the thrust line for the rib will 
take the shape of a transformed catenary. It will be seen that for a series 
of ribs covered with a slab and with walls at the faces retaining a filling 
of earth, this type of dead loading would be closely approximated. The 
arch rib in this case, therefore, should be made in the form of a catenary. 
Arches of steel with stone facing and solid stone spandrel walls exemplify 
this type of construction, as showm in Fig. 21. 

If the dead load concentrations are equal and spaced equidistantly 
along the rib, the resulting thrust line will be a parabola with its vertex 
at the crown and its major axis vertical. Figure 6 is a rib design of this 
character. 



Sec. 7-56] 


STEEL ARCH BRIDGES— GENERAL 


371 


Under other conditions of loading, the pressure line may take the 
form of a circle, an ellipse, or of what is known as the “geostatic curve” 
of Rankine. This last curve, however, is rarely used. 

The most practical method of determining and selecting the most 
advantageous curve for the arch rib-is probably the method of trial pres- 
sure lines as follows (see Fig. 22) : 

(а) Select a trial curve as near as possible to what the true thrust line 
will likely be and sketch in an assumed arch rib and spandrel posts. 

(б) Compute the dead load weights including rib, columns or hangers, 
and deck. 

(c) With these loads pass an equilibrium polygon or thrust line 
through the center of section at crown and at both skewbacks. 

(d) This equilibrium polygon is the true thrust line for the loads 
assumed in the case of the three-hinged arch and a very close approxima- 
tion in the case of the fixed or two-hinged arch. 

(e) The arch rib axis is now corrected to correspond with the above 
thrust line, and the dead loads rechecked. The new dead loads will 
generally be so nearly identical with those first assumed as to make further 
calculation unnecessary. Should these loads differ from the original 
assumed loads by any considerable amounts, a new thrust line should be 
constructed and the rib axis again corrected to correspond therewith, 
and so on until the rib axis corresponds with the line of thrust for the dead 
loads used. Generally, the first trial will be sufficiently close, particularly 
in view of the fact that the rib is not yet designed and any dead load 
assumption may be somewhat in error. After the final design is made, 
the dead loads are recalculated, and if found to differ by more than 10 
or 15 per cent, the arch axis may be corrected for the true dead loadings. 

The above method is used for fixed as well as hinged arches, for, • in 
any case, it is desirable to have the arch axis correspond in general with a 
dead load thrust line passed through the crown and skewback centers. 

It is sometimes desirable to make the arch curve coincident with the 
thrust line for full dead plus live load so that the minimum eccentricity 
of pressure comes at the same time as the maximum value of thrust. 
Whether such a procedure will result in lower total stresses depends, of 
course, on the relative values of dead and live loadings, the shape of the 
rib, etc. For highway loadings, the dead load is by far the larger por- 
tion of the total load, and if the arch is designed for low bending under 
dead load, the live load bending will be relatively smaU. For railway 
loadings, this is not’ apt to be the case. 

Spandrel-braced arches generally are designed with the lower chord 
panel points lying on, or nearly on,^ a parabola, although in some cases 
the catenary, the circle, the ellipse, and the hyperbola have been used. 

66. Temperature Stresses. — ^As the arch rib expands or 
contracts with varying thermal conditions, it will move upward or down- 
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ward at the crown to accommodate its position to the changed length of 
the rib or frame. The rib is forced to do this because unlike a truss span 
on rollers or rockers^ the skewbacks cannot move laterally. If the arch 
is a three-hinged structure, the rib or frame will revolve about each hinge 
and no temperature stresses will result. If, however, one or more of the 
hinges are removed, the rib in moving up or down must bend somewhat, 
thus inducing what are termed temperature stresses, 

A lowering of temperature will cause tension at the under side 
(intrados) of the arch at the crown and compression at the upper side 
(or extrados). 

The magnitude of these temperature stresses is, of course, a linear 
function of the assumed variation in the internal temperatue of the metal, 
which in turn varies greatly with varying conditions. In the Annales d 
pont, et clans (1893) will be found an account of some experiments on 
steel arches at Lyons, France. These tests disclosed an average tempera- 
ture in the steel of +115° F. when the air temperature was +90° in 
the shade and +95° F. in the sun. Parts of the structure exposed to 
direct sunshine had a temperature of +130° F. The coldest winter 
temperature recorded was — 15° F., giving a maximum range of 130° F. 
Assuming the arch fixed at mean temperature (+50° F.) a variation of 
65° F. each way from the normal would seem a logical assump- 
tion. Where air temperature variations are less or where shade condi- 
tions operate to modify the temperature effects, a lower temperature 
range may safely be assumed. 

6c. Location of Crown Hinge, — ^For rib arches, the crown 
hinge, when used, is generally located at the center of the rib. For 
spandrel-braced arches, the hinge may be placed 
either in the upper chord (as shown in Fig. 1), in 
the lower chord (as shown in Fig. 3) or mid-way 
between the two. 

Taking moments about the center hinge (see 
y Fig. 23) and considering the left half of the arch 
_ frame as a ^‘free body in equilibrium,'' the ex- 
pression for the horizontal thrust at the left 
skewbackis: 

n = - m] y 

If the crown hinge be placed in the lower chord, the horizontal thrust 
becomes : 

i?' = [^ - ^ y' 

It is thus seen that lowering the rise of an arch frame operates to 
increase the horizontal skewback component. 





± 


Fig. 23. 
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This generally results in in- 
creased stresses in the frame 
though not always. It is prob- 
able that the stresses throughout 
the frame will be less when the 
crown hinge is placed in the upper 
chord. 

In general the greater the rise 
in any arch structure, hinged or 
fixed, the less the horizontal thrust. 
Temperature stresses will also be 
less for arches with high rise. 

For a spandrel-braced arch 
having a crown hinge in the lower 
chord, the thrust line for dead load 
may bo made to follow the lower 
chord line, thus reducing to zero 
the dead load stresses in upper 
chord and web system. For ex- 
ample, an arch such as shown in 
Fig. 1 of the next section having a 
parabolic lower chord will develop 
no dead load stress in the upper 
chord members, since the lower 
chord must carry the entire thrust. 
Since the dead load upper chord 
stresses are zero, the web system 
can carry no dead load stress ex- 
cept that induced by the trans- 
mission of the deck loads to the 
lower chord. When there are 
vertical web members, this simply 
means that each one will carry a 
dead load stress in compression 
equal to the dead load concen- 
tration above it. Under live load,' 
however, both upper chord and 
web system will be called into 
action, 

6d. Tied Arches. — It 
will bo noted that in every case the 
reaction at the skewback of an arch 
bridge is inclined; that where skew- 
back hinges are used, the direction of 



Fig. .94. — Diairrain of “tied arch” bridp;e tveitical pier reactions). 
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the thrust is shifting under moving load, and that for fixed skewbacks, 
both the direction and point of application are shifting. These conditions 
all operate to increase the duty of the foundations and to create a 
tendency toward lateral as well as vertical settlement. It is sometimes 
possible to relieve this condition by inserting a horizontal tie between 
skewback hinges to absorb the horizontal thrust component, thus result- 
ing in vertical and fibced abutment reactions. Such an arch is termed a 
tied arch and is illustrated in Fig. 24, the same being a preliminary sketch 
prepared by the writer in 1921 for a bridge structure at Sellwood, a suburb 
of Portland, Ore. 

It is noted that the arch proper extends from a to 6 only, the balance 
of the steelwork being a cantilever or umbrella rigidly anchored to the pier 
masonry and the adjacent approach spans which are designed as continu- 
ous trusses. The foundation conditions (boulder gravel and hard pan) 
indicated the necessity for vertical pier reactions. The truss continuity 
on the approach spans made the umbrella cantilever feasible and the tied 
arch design results in the use of very little metal oyer and above that 
necessitated by the adoption of a simple truss span. The general outline 
of the structure, which wiE be a boulevard bridge, is much more pleasing 
than that of a simple truss. Arches of this type have been constructed in 
Europe in several instances, notably the Rhine Bridge at Mainz. This 
bridge consists of a series of through tied arches of 306- to 384-ft. span. 
This structure was finished in 1904 and carries a double track railway, 

The great improvement in appearance of this type of construction 
over the simple truss span may make it a more popular type than formerly, 
particularly in view of the growing tendency on the part of municipalities 
at the present time to demand architectural as well as structural excel- 
lence in bridge design. , 
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ANALYSIS OF THREE-HINGED ARCH BRIDGES 

By C. B. McCuLiiOUQH 

1. Equilibrium Polygons. — Figure 1 represents a common type of 
spandrel-braced three-hinged bridge arch under the action of a load 
system SF = Fi — F^, and in equilibrium under the. action of these 
forces and the two skewback or support reactions Ri and Rs- Let it be 
required to determine the stress in each member of the arch due to this 
system of forces. 



From the fundamental laws of graphic statics, the equilibrium poly- 
gon or thrust line must pass through the center of each hinge for, wert 
this not the case, the eccentricity of such thrust line would induce ■£ 
bending moment and the structure would rotate about the hinge ir 
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question. Since it does not rotate, we must conclude' that tlii."' t hrust 
or pressure line acts through the center of each hinge. 

To determine the shape of this equilibrium polygon, the forces 
Fi to inclusive are laid off on a vertical load line (veirtical forces alone 
are here considered; inclined forces could obviously be treated in ('.xact ly 
the same manner), and an arbitrary trial pole a.ssumed. 

With this trial pole a ray diagram is constructed and from it a trial 
equilibrium polygon a'b'c' . . . j' constructed. At the points 
where this trial equilibrium polygon intenwets vertictils through tiu' 
hinges, two closing lines are drawn, these being designated "ileactitm 
Line No. 1” and “Reaction Line No. 2,” on the drawing (Fig. 1), If, 
through the assumed pole o, parallels be drawn to these reaction lines, it 
follows from the laws of graphic statics that such parallels divitie the 
load line into the resultant load components Fi', Ft', atui Ft', which are 
transferred to the three respective hinges by each half of tlie arcli fttune 
acting as a simple beam. 

It is obvious that the values of Fi, Ft' and Ft are entir<'ly in<l(‘|«Hnlent 
of the position chosen for the pole o and therefore, the reucti«>n lines for 
any chosen pole including the true pole, will pass through those three 
points on the load line. 

It is furthermore apparent that if the equilibrium polygon is to pass 
through the hinges, the closing line or reaction lino in each case must lie 
parallel to straight lines passing through these hinges designated “ hinge 
lines” in Fig. 1. 

Therefore a parallel to the left hinge line through point m, and a 
parallel to the right hinge line through point n intctrsect to locate the true 
pole 0 (see Fig. 1). 

With this true pole and the given load line, a new ray diagram is 
now constructed and, from such ray diagram, a new equilibrium polygon 
drawn, as shown in Fig. 2. If this polygon be started through the left 
hinge, it will evidently pass through each hinge (if the work is correctly 
done), and thus define the true thrust or pressure lino induced by the 
forces Fi . . . Fg. 

Bearing in mind the fact that this equilibrium polygon (a'b'c' 

. . . j', Fig. 2) represents the resultant of the forces Fj. . , . F$ nn<l 
the corresponding support reactions, the stress in any member of the 
frame can be readily calculated as follows: 


Stress in Chord Member U2-XJ3.-This stress is obviously the moment nf the 

(A) Algebraically.-rh^ value of the left reaction R, which is e(,u«I ii. nuMtiHtmlc 
Kg. segment a of the ray diagram is readily determ iiie.l. 'riM* f„,m 

5 (the stress in U2.U3) =» (R.d _ ^ ^ 
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{B) From the Thrust Line. — Bearing in mind that the resultant of Ri, Fi and Fz is 
given in direction and magnitude by ray c of the equilibrium polygon (Fig. 26). 

s = (ray c') (r) p 

(C) From the Pole Distance H. — Resolving the ray c' into vertical and horizontal 
components, as shown in Fig. 2c, the moment of the vertical component V about jL 3 
vanishes and 

s — Hh -i- p 



Stress in Web Member U2-L3, — Simply produce the chords to intersect at o" 
which is obviously the moment center for the web member in question. With the 
left portion of the structure as a “free body in equilibrium'^ we have at once 

s = ^ (see Fig. 2d) 

In this manner, the stresses in any member of the frame may be 
readily found and the analysis of stresses for the given load system quickly 
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completed. For dead loads or for fixed live loiitls, the abov(’ iiu'tho<l 
answers every purpose; but for moving loads, th<* iiiothod of influence 
lines is much to be preferred. This method is dcBcribed in Art. 4 . 

2. Algebraic Calculation of Reactions. — As a t'heek on t he aecunu-y 
of the graphical work outlined in the foregoing art.iele, th<? horizontal and 
vertical reaction components may be computed l>y the formuln giv<>n in 
Fig. 3. It will be observed that the vertical rciKd ion components arc 
identical with those for the same load system on a wimpU' beam of span L. 
Removing the roller at one end and inserting th<' crown hinge thus 
transforming the frame from a truss to an arch haw .simply had the elTect 
of introducing the horizontal thrust II. 


tii 


Vs = ZF - V , 



Taking moments abo^f crown hirtgtm 
Hq -Hi 


Fig. 3. 


3. Stresses Due to Movmg Loads {Method of HmcHon 
Consider this same structure under the action of a single load F m shown 
g. 4. The thrust lines must pass through tlwi throe hingOH and the 

muSemTc^tTn'''' oquimmum 

bv altrebmip fnr component* may bo checked 

algebraic formulas, as shown in Fig. 4. 

With the above in mind, let us now consider the chord f/2-C/3 fFiff 'll 
attd derive a method o£ determining what poeitionB otrmovinK lorn w 
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The stress in C/2-J73 is a direct linear function of the moment about 
L3 and will therefore become zero or change sign when this moment does 
the same. 

Through the left hinge LI and the moment center L3 (Pig. 5), draw a 
straight line intersecting the right hinge line in the point c. 

Clearly then, a vertical load passing through c will induce zero stress 
in chord member C/2-J73. 

For any load to the right of point c, the left thrust line passes below 
the moment center L3 and there is tension induced in the chord in ques- 
tion (see Pig. 6a). 



Fio. 4,— Reaction conipononts for single unit load. 


For any point between c and U3, the left thrust line passes above 
LZ and there is compression in the chord U2-UZ (see Fig. 56). 

For loads between U2 and the left end of the span, the above method 
does not hold for the reaction is no. longer the only force acting on the 
left of section m-m. However, if the right-hand portion of the structure 
be taken as a free body in equilibrium (Fig. 5c), it is at once seen that 
the stress in chord U2-UZ is again compression. 

In the above manner, the critical load positions for maximum stress 
of either sign can be determined for each chord member in the frame, 
thus enabling the designer to place his moving loads in such position as 
to determine the maximum stresses. 
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When the chords intersect within the limit^^ the drawitig, the 
procedure for web members is much the same nu itatixl in tig, p* 

In this case, the chord members on either side t '«* weh jnenilK'r in 

question are produced to intersect, locating the I'ftiintetl juonmnt center 
o'. A straight line drawn through the left hinge iind puitjt o' intersectH 
the right reaction line at point p', which is a point of zero stress in tht‘ 
diagonal in question. Figure 6 fully illustrates tlie (*ntiro procedure in 
determining the direction of stress for various loatl pinnts. 


^Compression in US-iJS^ 

<r Tensiomn U6’U7'^ 

U! U3 U' 
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For the parallel curve arch shown in Fig. 7, the lino througli the left 
hinge is drawn parallel to the chords U2-U‘i and inU^rmicting the 

right reaction line in the point p'. Figure 7 illustrates the procedure from 
here on, which is analogous to that already explained. It is observed 
that, for a load at p', the thrust line is parallel to the chords U2-IM ami 
L2-L3, and therefore there must be zero stress in the diagonal l/2-lJi. 
For a load to the right of p', the left reaction has a downward component 
which must be balanced by compression in this diagonal (ace Fig. 7b). 
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For a load between XJ2 and the left end of the span (taking the right-hand 
portion of the arch as a free body), there is an upward component of the 
right reaction that must be balanced by a compressive stress in the 
diagonal, and so on. Figure 7 should make the procedure entirely clear. 

4. Influence Lines for Three-hinged Arches. — By taking moments 
about either hinge, the vertical reactions are seen to be identical with 



those for a simple truss of equivalent span, and are thus easily deter- 
mined. Figure 8a is the influence line for the vertical component of the 
h^ft reaction. 

The horizontal reaction component is obtained by taking moments 
about the center hinge and is given by the expression 

VL 

2y 


11 
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where y is the vertical distance between crown and akewbaek hingivs. 
The influence line for the horizontal thrust is lh«>r(‘foro plotted us shown 
in Fig. 86. It is seen that this influence line is syminotrieal about the 
vertical through the center hinge. 



The influence line for the moment at point o (which will determine 
the influence line for the stress in chord l72-£;3) is developed as follows 
(see Fig. 9): 

The influence lines of the vertical reactions plot up in exactly the 
same manner as for a simple truss; thusHhe moment for a unit load at o 
IS given by the expression 

n- , ah 
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The moment induced by the horizontal thnist is given by the term 


Mo" = He = 


2y 


At the center a = ^andMo" = ^ (see Figs. 8 and 9). 

Obviously the total moment Afo = Mu' — Me" and the difference 
between the superimposed influence lines is the influence line for the true 
arch moment at L3. 



Fig. 8. — Influence lines for ver- 
tical and horizontal reaction 
components. 



Figure 9 also shows the influence line for the moment at J73 (this will 
determine the influence line for the stress in L3-L4). It is noted that the 
only difference lies in the effect of the horizontal thrust which difference 
is represented by the difference in the values of c and c'. 

Figure 10 illustrates the method used in developing an influence line 
for one of the web members. 

The effect of the horizontal thrust is given by the expression — and 

this portion of the influence line is readily plotted. For loads to the 
right of U2 (up to and including 173), the effect of the vertical reaction 
component at the left hinge upon the web member in question is given 
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by the term — • For loads to the left of C/3, the effect of the vertical 

reaction component (in this case, the right reaction component must be 
taken), is given by the expression V{L - a) ^ L 

The influence line for the web member in question is therefore fully 
determined as follows: 

(a) Lay off the distance ^ S't the center, determining the point 
c, 

(b) Lay off the distance - on a vertical through the left support, 
thus determining the point d. 



(c) Lay off the distance on a vertical through the right 

support, thus determining the point e. 

The area mdencm is clearly the influence area for the web member 
U2-Li^, 

^ For parallel chord construction, web stress influence lines are plotted 
in a slightly different manner (shown in Fig. 11) as follows: 

Place a unit load at the center hinge and compute the stress in the 
web member in question due to the horizontal force ff, neglecting the 

effect of the vertical reaction components Vi and V^. This determines 
the point c, 

_ Next, considering the beam as a simple span, place a unit load succes- 
sively at the panel points each side of the web member in question and 
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compute the stresses in such web member, ignoring in this case the 
effect of the horissontal thrust. This determines the points d and e. 

Clearly, as in the former case, area mcned is the influence area for the 
stress in web member UZ-LZ. 

The stresses in the above web member due to the various unit loads 
above mentioned, may be computed either algebraically or by graphics as 
may be found the more expeditious. 




Fro, 1 1 Tnfluonco lino for st.roHH in LS-UZ. 


6. Fiber Stresses in Solid Ribbed Arch Spans. — Consider the solid 
webbed or plate girder arch shown in section in Fig. 12. 

The following formulas may bo derived at once from statics: 

Mj(the morncmt at point g) = R'd 

or N'c 

or Fia + Hib — FiOi 
iV'(the normal thrust) = R' cos 

J'(the shear on section AA) = R' sin <t> 

The moment thrust and shear at any section of the arch rib can be 
readily computed algebraically, once the reaction components for any 
given load condition are determined. Those may also be determined 
from the equilibrium polygon constructed for the given load system. 

Suppose the equilibrium polygon for a certain given load system to 
be constructed as shown in Fig. 12. 
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For any given point g 


Ma = N'e 


/■'(the fiber stress due to iW«) ®= * J’* 
/"(the fiber stress due to the normal thru.st A") » 


A 


Whence/ (the total fiber stress) = /" + f (for f extrenu^ upiu'C fiber) 
and /" — /' (for the extreme lower fiber) 

Considering first the extreme upper fiber 

/=(/"+/0=x 


N' 

= -j (r* + ce,) 

-< + “)? 



thetpt“r i« Kiv™ by 

e. and e, = thrSstancls“tf ^thf txtrel«r f 

respectively. wpfM-r and lower fila-rH 

r = the radius of gyration of the wctlon - 
<ta.nce of po.„t tie „e„tral „i. i. r- 
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distance of point above the neutral axis is — these points (known as 

Ci 

kerned points) are of considerable value in evaluating the fiber stresses in 
the rib during the passage of a moving load (see Fig. 13). 

The maximum compression in the extreme upper fiber of the rib at 
section a-a is given by the expression 

f _ Ar(L’ + „)!• . J 

The maximum tension in the extreme lower fiber of the rib at this 
seci.ion is given by the expression 

/«2 \ 

whore c' = --■ + c and c" = ~ y l^)* 

It must now be clear that, if the kernal points for each section of the 
arch rib are plotted, the equilibrium polygon may be measured directly 
from these kernal points, giving moments Nc' and Nc", which are direct 
linear functions of the fiber stresses at the 
extreme upper and lower fibers of the 
section. 

The “extradosal” kernal point ki is 
always plotted below the neutral axis and 
is used for scaling the ordinate c' which 
controls the stress in the extreme “extra- 
dosul,” or upper fiber. When the thrust 
line lies above this kernal point, this stress 
is compression; when the thrust line lies 
below it, the extradosal fiber stress is tension. 

The “intradosal” kernal point ki is 
always plotted above the neutral axis and 
is used for scaling the ordinate c” which controls the stress in the 
extreme “intradosal,” or lower fiber. When the thrust line lies below 
this kernal point, this stress is compression; when the thrust line lies above 
it, the intradosal fiber stress is tension. 

It must therefore be apparent that whenever the thrust line passes 
between the kernal points, the entire section of the rib is in compression. 

It is apparent that the influence line for the moment of the thrust 
lino about the neutral axis of the rib would not be the same in form as that 
for the fiber stress on either extreme fiber, owing to the effect of the direct 
thrust N. However, moment influence lines for moments about the 
kernal points as above described, are exactly identical in form with influ- 
ence lines for extreme fil)er stresses and may bo used to determine the 
position of loads for such maximum fiber stresses. The use of kernal 
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points is exceedingly valuable in stud3dng the cluii'**'*'**’**”**'-*^ of tin^ iirch 
rib under moving loads. 

6. Graphical Analysis of Stresses. — If cousitl*** tuoro coiivtsniont, 

the stresses in any arch frame due to any fixed coudition, may ho 

determined by graphics in the ordinary manner. **■ of c<mrrtt% first 
necessary to determine the horizontal and vertici»-l loaction ooiuimnoiits 
at either skewback hinge, after which each joint of flio fraiuo w anulyzt'd 
in succession as in the case of a simple truss frame, rh«» <lotail 
involved in this process is treated in any of the staiitl*inl ti*,xt8 on graphical 
analysis. 

7. Wind Stresses in Spandrel-braced Arch Spans, ■(lonsitler tho 
three-hinged spandrel-braced arch in Fig. 14 under the action of tho wiiai 
loadings shown. The upper panel points are und***" tho action of certain 
wind load concentrations designated by the letter M" (uaually aaeumed at 
a certain value per lineal foot of chord) and the lowcsr pane! [lotnia under 
the action of similar loads Wi. 

When the hinge is placed in the plane of the low<^r chord at the crown, 
the upper lateral system cannot be made continut> t*H from erul to tnnl of 
the structure, but must be interrupted at the crown to {Ksrmit freedom {»f 
hinge movement. 

The upper lateral system, therefore, can only trniiHmit witui forces 
to the abutment hinge by virtue of its stiffness as a csnntilever. A |Kjrtion 
of these stresses is doubtless transmitted in this way frtirn the cimtral 
portion of the span back to panel point Uo and tht^nee *lown the vertical 
cross frame to the hinge at LO. By far the greater ijortiott of thewt forces, 
however, is transmitted vertically at each panci’I jHiint to the lower 
lateral system by virtue of the cross frames or vertical sway bracing 
at such panel point. 

The upper lateral system, therefore, may be consicleretl to transmit 
a' certain percentage of the total wind loadings aettive against Its {junel 
points, but, for the sake of rigidity, should dovll^t!e88 Ik» tlestgrHul to 
withstand the entire wind pressure. For exam|>le, tho up{M>r lateral 
No. 3 should be designed for a stress equal to 2}^ iW + H") stus (?» (hoc 
Fig. 14), although the actual stress is doubtless much loss. 

The upper lateral forces W are in a large measutro transmlttod to tho 
lower system through the panel point cross frai«€*« {shown in Fig. 14) 
and thus exert an overturning moment on the rilj. For oxaniplo, tho 
upper panel point wind concentrations at U5 on uuch side of tho hingo 
W W' 

amount to -^ on the leeward truss and g on tho windward truss. 

We may assume that all of this force is transmittc^d tlirough tho vortieiil 
sway frames to L5 and L5\ and that the hori;2onta| oomponoot of ihomrs 
forces is equally divided between L5 and L5^ will oh lattof ii«iiliii|ition 
is probably as near the truth as the limits of ^ccsiiraoy in tho aaiiElyiis 
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necessitate, providing the sway bracing is stiff. (If this bracing were to be 

composed only of tension members, the entire horizontal force ?+ ^ 

A Z 

would be transmitted to one lower panel point.) The lower panel 
points at L5 and L5^ are, therefore, under the action of the horizontal 

forces TF i and W i , and also the horizontal force transmitted 

thereto from the upper panel points at U5 and C/5'. 


Path a 



In addition to tlxiso horizontal forces, the overturning action induces 
a vertical downward force p = V ^ 2 Ac/ leeward side of 

the truss and an equivalent upward force p' on the withdraw side. 
These last forces induce stresses not in the lateral system, but in the main 
arch frame itself, in exactly the same manner as for any other vertical 
load system. 
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For this type of construction, therefon*, t hi* uiijjor lutoral syslotn may 
be first assumed to transmit the entire winii forces active tlicrcon tlirough 
path a, Fig. 14, and this system together witli the end cross frame 

designed accordingly. , , . , . . 

The lower lateral system may next be designed, assuming it to carry 
horizontal loads due not only to its own wind concent ration Wu but also 
to the full value of the upper panel point wind concentrations transmitted 
directly through each vertical croas frame and equally tlivided Iwtween 
the two trusses at each lower chord point. Before the analysis is made, 
it is, of course, necessary to develop the lower latera system into a plane, 
as shown in Fig. 14, after which it may be treated as a simjile truss sjmn 
whose panel lengths are the actual develoiHal lengths of the inclined 
chord members. 

The main truss may next be analyzed for tlu^ vertical wind comjionents 
due to the overturning action as above descrilK-d. 'I’he Icewanl truss is 

h 

under the action of the vertical downward loads p = (11’+ 11")^, where 

W and W' are the upper panel wind loads, A » the heiglit of the truss 
at the panel point in question, and c = the distance center to ci'iiter of 
trusses. 

The windward truss has exactly equivalent wimt stresses, but o|itMwite 
in sign. 

It will be observed that the plane of the lower latcTuI systetn is not 
horizontal and, therefore, the diagonal members intersi'jtting at «‘aeh 
panel point have vertical components which must Is* enrricil by the arch 
system itself. An arrangement such as this results, Ihen'fori*, in an 
additional system of vertical loads acting tlownwanl at the leeward paned 
points and upward at the windward ^mnel {lolnts. 'I'lie value of such 
wind components may be determined as follows: 

Consider the arch shown in Fig. 15 and let H'l . . . Wt . . , W'l 
represent the total wind load active against one lt»wer chord, including 
the load transferred to the lower chord panel ixiints thniugh the vertical 
cross frames. Wi . . . Wt . . . IK / are equal forces applied to the 
other arch frame. 

These forces applied at the lower chord panel {xiirits exert an over- 
turning moment at each panel point which must be resisted by streiisc?s in 
the arch frame itself. 

Consider the lower lateral frame as a cantilever free at the crown and 
let Fig. 15a be a vertical projection of the same. Cutting the iwetion 
at a-a just above panel point L2, the moment tending to overturn the 
frame about LI as a pivot (and thus causing motion as represented by the 
dotted arrow) is given by the expression 

M = (shear at L2) (Ai) 
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The overturning effect must be resisted by the strength of the arch 
rame itself. Therefore, the arch must develop two equal and opposite 
vertical reactions at panel point L2 whose value p is given by the 
expression 

p — (shear at La)— 
c 

where c is the distance center to center of arch frames. 




Fio. 15.-~«OvortAinung duo to wind pressure on inclined lower chord. 


In this manner all tlio vertical panel point wind reactions from this 
cause may bo readily calculated thus: 


Pi = (shear at I/l) 


_ r^i + toa + Wj -f- 104 + 

L"i~ Wi' *1- Wi' “b Wi -j- 


c 


* + Wi+Wi + Hwt Ih 

~ L+ vi-t' + ws '+ Wi + KWJ c 

h 

Pt » (lOj + Wi + }4wt + Wz' + Wi' + HwsOt 

c 

h 

p* “ (Wi + + lOi' + MlOs')— 

c 

P5 “ 
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The forces on the windward side act in a direction opposite to those 
on the leeward side. It is necessary, therefore, only to assume these 
forces as acting downward and compute the stresses for one truss. The 
stresses for the other truss are obviously of equal magnitude, but opposite 
in sign. 

The above discussion should be sufficient to give a very clear idea 
of the general method pursued in the computation of wind stresses in 
three-hinged arch bridges where the crown hinge lies in the lower chord. 
For other hinge arrangements, the method will, of course, differ in detail, 
but will be the same in principle. For railway bridge structures, it is 
usually customary to consider in addition to the above loads, the effect 
of a wind load applied against a moving train. These loads are horizontal 



/ ( Vertical wind pressures 
- < transmitted to rails and thence 
I through ties to stringers. 

Fig. 16 . — Vertical wind forces due to overturning action of wind against train. 

and are transferred to the upper lateral system by means of the stringers 
and floor beams. From the upper lateral system, these loads are carried 
either to the end cross frame and down, or else vertically down through 
the cross frames at each panel point and thence via the lower lateral 
system to the skewbacks, as in the case already discussed. • It will be 
noted that the wind forces acting against the side of the train induce an 
overturning moment which is resisted by vertical pressures from the rails, 
as shown in Fig. 16. These forces which act downwardly on the leeward 
side of the arch must also be taken into consideration in a complete 
analysis of wind stresses. 

Space will not permit of further discussion of the many problems 
involved in the calculation of wind stresses. However, it may be said 
that no new theory need be developed other than that already discussed 
in this connection and in connection with the design of wind and portal 
bracing for simple structures. 



SECTION 9 

ANALYSIS OF FIXED ARCHES 

By C. B. McCullough 

FUNDAMENTAL THEOREMS RELATING TO INTERNAL WORK IN RIBS AND 

FRAMES 

The analysis of the fixed arch is based upon what is generally known 
as the mathematical theory of elasticity. The fundamental elastic 
equations which form the basis of this theory may be derived from a 
consideration of any one of several basic mathematical concepts, for 
example: 

(1) From a consideration of Castigliano's theorem regarding the 
partial derivatives of the internal work. 

(2) From a consideration of the law of mutual elastic equilibrium 
or virtual work. 

(3) From the laws governing elastic displacements in ribs and frames. 

Any one of the above methods yields a series of elastic equations pract- 
ically identical in form. The last named method of derivation, namely, 
that based upon a consideration of elastic displacements — has been chosen 
for this discussion because of its comparative simplicity. 

In order that the application of this theory of analysis may be thor- 
oughly understood, it is necessary to preface the treatment of arch analy- 
sis proper by a brief consideration of the fundamental laws of internal 
work in ribs and frames. This consideration forms the subject matter of 
the present chapter. 

1. The Laws of Internal Work in Structural Frames. — ^The structural 
frame, which as hereinafter treated may be made to include the solid web 
structure as well (see Art. 4), may be regarded as a machine in motion. 
The motion is intermittent, occurring only when the equilibrium of the 
system is disturbed, as when loads are added, altered, or removed from 
the structure. 

Consider any elastic framed structure under zero loading and having 
zero stress in each of its members. As external loadings are gradually 
applied, a slight change in form takes place, the points of application 
of the external loads execute small displacements, and the internal 
stresses, which are now set up in the various members, are moved through 
small distances equal in each case to the distortion in the member. At 
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the instant of application both external loads and internal stresses have 
zero values from which they increase gradually and simultaneously, 
reaching their maximum values at the same instant. 

If, at any instant, the value of any external force is F, its average 
value during the period of application is obviously (i^ + 0) -f- 2, or 
If the displacement of the point of application of this force parallel to its 
line of direction be represented by the symbol A, it follows from the laws 
of mechanics that the work done by the force thus far may be represented 
by the expression H 

The total work performed thus far by all the external forces of the 
system is obtained by simply summing the terms for each external 
force acting, thus 

We = MSFA (1) 

As the loading has progressed each of the members has been required 
to change length, by a certain small amount X, in order to accommodate 
itself to the new distorted shape of the frame. This linear distortion has 
in turn induced a stress in each member whose value at this instant is S 
and whose average value during the period of loading is obviously (S + 0) 
-f- 2, or The internal work performed by each member in resisting 

distortion is therefore 

^S\ 

and for all the members of the frame, we may write 

Wj = Km (2) 

At the instant of application of loading the structure is at rest, the 
kinetic energy or energy of motion is zero, and the condition is one of static 
equilibrium. 

The application of the load disturbs the balance and the machine is 
set in motion. The term at any instant represents the externally 

applied work. The term represents the work of resistance or the 

work which must be overcome by the external work. Obviously, the 
difference between these two values represents the amount of external 
work avilable for imparting kinetic energy or energy of motion to the 
structure, so that we may write for any instant during the motion. 

K SjPA — K = Kinetic energy imparted to structure 

As the loading progresses, more and more of the kinetic energy is 
absorbed by the internal members until a point is reached where the 
internal and external work just balance. We then have 

Kinetic energy == K^FA — K^/SX = 0 (3) 

and the structure again comes to a point of rest. 

This second rest point may be termed a condition of elastic equi- 
librium, whose fundamental law may be stated thus : 

Wi = Wi 


(4) 
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This equality furnishes the basis for the determination of stresses in all 
structures not susceptible of analysis from the laws of pure statics. 

Whenever a force and the displacement of its point of application act 
in the same direction, the sign of the work is positive. When the direc- 
tion of the force is opposite to that of the displacement, the sign of the 
work is negative. 

In general, the external forces representing loads are displaced in the 
same direction in which the force acts though this is not always true. 
The internal work, however, is negative as the displacements of the 
extremities of the members are opposite in direction to the tendency 
of the stress. 

To illustrate, a tensile stress in any member operates to pull the pin 
points at its extremities together, while the actual displacement is a 
movement in the opposite direction (a lengthening of the member). 

The internal work may also be regarded as negative in the sense that it 
represents the stored-up energy of resistance, the resilient energy of the 
structure. As the loads are gradually released, it is this energy that 
operates to bring the structure back to its normal position, and, in 
changing from a negative value to zero^ it performs positive work. 

From Hooke's law of stress and strain proportionality, it follows that 

SI 

the term X in Eq. (2) may be replaced by the expression where S 

represents the stress in the member, I its length under zero stress, A 
its cross-sectional area, and E the modulus of elasticity of the material of 
which it is composed. We may therefore write, for bodies in elastic 
equilibrium 

= HSIi (5) 

which is, in certain cases, a more convenient form for practical use. 

For a uniform change in temperature of t degrees, the internal stress 
in each member of the frame increases gradually from the value S to the 
value (S + St)j the average value during the change being (S + 
During this time the strain or distortion is represented by the expression 
= ctlj where c is the coefficient of expansion and I represents the length 
of the member. The total internal work is therefore given by the 
expression 

Wi^ = :2Sctl + yiXStctl 

The external work, since the forces F remain at a constant value, 
is obviously 

We^ = T,FAt 

where Ai represents the displacement of the point of application of each 
force due to internal temperature strains. 
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Equating these two, we may write 

SFAi = 'LSctl + (6) 

for any structural frame at rest and in elastic equilibrium. 

In general the term St is zero for simple spans and cantilevers. In 
other words the frame, being free to move, simply adjusts itself to the 
new lengths of its members and is therefore unstressed under temperature 
changes. 

If any of the supports are elastic, the corresponding reactions are 
moved through certain displacements A, and thus perform negative work 
(negative because the force and its displacement act in opposite direc- 
tions) . W e may then write Eq. (5) 

KSFA - 


In other words, a portion of the externally applied work J^SFA 
must be consumed in overcoming the elastic resistance of the supports and 

consequently the work absorbed by the internal system will be 


less by that amount. 

The complete work equation, including the effect of temperature 
changes and reaction displacements may be written 


M2FA -I- SFA* - 


The term A as herein used does not refer to the actual movement of the 
point of application of a force, but to the component of this movement 
parallel to the line of direction of the force, otherwise the above equality 
does not hold. Unless otherwise specifically defined, the terms A and 5 
are used in this sense through the discussion. 

In the application and derivation of the theorems which form the 
subject matter of this and subsequent chapters, it will be understood that: 

(1) All deformations are within the elastic limit of the material. 

(2) Any change in form, either of a beam or a frame is slight. (This 
is in accordance with observation of ordinary engineering structures under 
loads within the elastic limit.) 

(3) Tensile stresses and strains of elongation are considered as 
positive; compressive stresses and strains are considered as negative. 

2. Deflections and Panel Point Displacements in Frames, — Consider 
the curved cantilever frame, shown in Fig. 1, at rest and under zero load- 
ing. If any load Fh acting in any direction, and applied at any panel 
point &, is imposed upon the frame, the same will cause a distortion of 
the members and a deflection of the frame. 
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Let it be required to find the vertical deflection of panel point c, due to 
this load Fb, applied at panel h. 

Let /S = stress in any member of the frame due to the load Fb. 

X = distortion in such member due to the stress S. 

Abb = displacement of panel point b (measured parallel to the line 
of action of Fb) due to the force Fb. 

Abo = desired vertical deflection of panel point c due to this same 
load. 

From the equality of internal and external work stated in Eq. (5), we 
may write (for the load Fb alone) 

( 9 ) 



Now let us apply an auxiliary load equal to unity at panel point c, 
acting in the direction in which it is desired to determine the deflection (in 
this case vertically). 

Let So — stress in any member of the frame due to this unit load. 

See — vertical displacement at panel point c due to this unit load. 
Sob =“ displacement at panel point b due to this unit loa<l 
measured along the line of action of the force Ft. 

The addition of this unit load has increased both the internal and 
external work as follows: 

s X 

Additional internal work = 2(/S + 

Additional external work = (Unity) 5co 

These two according to the preceding article must be equal, therefore 

+ FhS,^ — 
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If the above two loads were to be applied tlie 

internal work to the external work would yield following ext^ression: 

yiF^i^hh + bch) + K (unity) (Afce + he) == AH 


or 


^ iSf2/ 

^'iFbAih + }^Fh8cb + /'i^bc + M^cc = ^2/ 4^; 




If all loads were released and the unit load aloiic*^ applietl to the struc- 
ture, equating the internal and external work wotil<l yield the following 
expression: 

\27 

2 ) 


3^ (Unity) 5c. + 


Substituting from Eqs. (9) and (12) in B]q. (1 1) and cnncrlliiig like 
terms we have 

Substituting from Eq. (12) in Eq. (10) and cancelUiig like terms, we 
have 


FbScb = 


2 S .%1 

'AE 


or 


M^’i.5c. = 


(14) 


Substituting for K^sScs in Eq. (13), cancellinn and multiplying by 
two on each side, we have 


(15) 

This is the expression for the desired doffoction A*, and may Im 
expressed by this important rule: 

To find the displacement or deflection of any po^nt in a structural frame 
in any given direction and under any given set of load eonditims, w«cwd 
as follows: 

(1) ^ Place an auxiliary unit load at the pane! point at which the 
deflection is desired. This auxiliary load is to l»o aaaumed as acting in 
the direction along which the deflection is desired. 

(2) Compute the stresses in the given frame due to the given loadings, 
calling these stresses S. 

(3) Compute stresses in each member of the frame due to the 
auxiliary unit load, calling these stresses a. 

(4) Compute for each member of the frame the length I and the 
cross-sectional area A. 
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(5) The desired deflection A is then given by the expression 


A = 


S/SsZ 

AE 


(16) 


the summation being for each member of the frame. 

The above law is entirely general and can be applied to any frame for 
any load or set of loads and for the calculation of deflections in any direc- 
tion. For example, if the unit auxiliary load shown in Fig. 1 had been 
taken as horizontal the values of s« would have been entirely different 
and the result would have expressed the horizontal displacement of panel 
point c. 

If the result comes out negative, it simply indicates that the true 
movement is opposite in direction to that assumed for the unit load in 
computing the values of s. 

Temperature Displacements. — If, instead of the load Fh of the preced- 
ing discussion the vertical deflection at panel point, c, due to a change in 
temperature were desired, we have only to reason as follows: 

The deflection Ai,c was caused by the linear distortion in the various 
members duo to the load Fb, which linear distortion was represented 
Si 

by the expression A change in temperature of i degrees will, 

obviously, distort each member an amount X* = ctl, where c is the coeffi- 
cient of thermal expansion, and I is the length of the member. If this 

SI 

distortion is substituted for the distortion due to the load Fb, we may 

at once write the expression for temperature deflection at panel point c 
as follows: 

Ai. = Ss.(dZ) (17) 


Ato represents the displacement of panel point c due solely to a uniform 
change in temperature of t degrees in the various members of the frame 
and is measured in the direction assumed for the auxiliary load (in this 
case vertical). 

Effect of Reaction Displacements . — Throughout the foregoing the 
supports have been considered as inelastic, in which event the work done 
by the reactions is zero. If, however, these supports do yield under load, 
the work done by the reactions is not zero and must be considered. 

Consider, as an illustration, the case shown in Fig. 1. The effect 
of the rigid anchorage at the right-hand end of the cantilever beam may be 
represented by two reactions Ri and R 2 , whose numerical value and 
direction of action may bo easily determined from statics. 

If each of these reactions is supplied by supports which are elastic or 
yielding, it is apparent that the movement of the same will have an effect 
upon the deflection A*c, as determined above. 
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If these two elastic supports were to be removed and elastic frame 
members (resting in turn upon rigid supports) inserted in their stead (as 
shown in Fig. 2) it is at once apparent that the deflection at any point 
such as Lhc remains unaltered — provided^ the movement of these new frame 
members is the same as that of the yielding supports. 

Let 

Ar represent the movement of any elastic support under the 
given loading. 

Vc represent the reaction at this same support induced by a unit 
auxiliary load at point c. 

Applying Eq. (15) to this new frame we have 

SSsJ . 2SXr 


Aftc = 


AE 


A'E 


where S\ sfj V, etc. refer to the two new frame members. 

Since from the original hypothesis these two new frame members 

exactly reproduce the movement of 
the original elastic supports, we may 
write, for each support 

(19) 


B\gKl support 



Noh> The two new ehsfic memkers 
are so pnjoc»-/xfnee/ as ia tknfkct ' 
un^r any load, exacHy the same 
amount as the elastic supports 
)ahich they replace. 

Fig, 2. 


A'E 

Also, from inspection 

7*6 ~ Sc 

Therefore 

hSscl 


Abe ~ 


AE 


( 20 ) 


+ ( 21 ) 


The effect of support displacements, in general, is very slight in well- 
designed arch construction and ordinarily is not considered in the analysis. 
For particular cases, however, it becomes necessary to consider the elastic 
movement of the abutments and piers, in which event the above equation 
becomes of value. 

The general equation including the effect of temperature changes and 
reaction displacements may be written 

A + Ai - SrA, (22) 

If the desired displacement A, is an angular rotation instead of a 
translatory movement as above, the law stated in Eq. (22) holds, the only 
difference being that the auxiliary unit load employed must, in this case, 
be a unit moment couple, and the stresses s must be taken as the stresses 
resulting from the application of this unit moment couple. (This may 
be easily proved from the general principles above developed; the detailed 
demonstration need not be given here.) 

3. Work Expressions for Solid Web Beams and Cantilevers. — ^The 
fundamental principles, the demonstration of which forms the subject 
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matter of the foregoing articles, are based upon a consideration of framed 
structures. Let us now consider the case of the homogeneous beam or 
solid webbed structure. 

Consider the structure shown in Fig. 3, a homogeneous, solid curved 
beam, hinged at one end and freely supported at the other, under the 
action of a certain system of external loading SF. The structure is at 
rest and in elastic equilibrium (see Art. 1) hence we may write 

Wi = Wb (as in Eq. (4)) 



Pig. Z. 

The external work is obviously represented by the expression ^i^FA— 
}4^RAr (see Eq. (7)). The internal work corresponding to the expression 

0^ ^^<1- C^) will now be evaluated. 

Consider any lamina, ahed, of the beam included between two con- 
secutive cross-sections whose distance apart is represented by the term ds 
(Fig. 3a). 

The stresses induced in this lamina by the gradual application of 
the external load system SF may, obviously, all be resolved into two 
components, viz.; Ri representing the resultant of all stresses transmitted 
to the lamina from that portion of the beam on the right, and Ri repre- 
senting the resultant of all those forces transmitted to the lamina from 
the left. Each of these forces being unknown both in direction, amount, 
and point of application may be represented by a normal force N applied 
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at the neutral axis of the section, a tangential or shearing force V , and a 
system of graded forces f (increasing from aero at tlic neutral ox,» to a 
vaiue at the extreme abere) roprescnt.ng tlie stress couiilo 

M = Np 

Figure 36 shows the lamina abed as a “free body ” under the action of 
the two resultant forces Rx and B, and Fig. «ho'^ tliese tvvo forcen 
resolved into the six unknown elements Mi, Ms. i *^f*d r 3. 

From the figure it is apparent that 


Ni = Ni 

( 2 :n 

Vi = Fs 

(24) 

Ml = Mi -H Vida 

(2r>) 


Each of the three forces N, M and V cause a certain distortion of the 
lamina and hence the total internal work will coinjirise: 

(1) The work of the normal force N. 

(2) The work of the bending moment M. 

(3) The work of the shearing force V, 

The derivation of the expressions for the above work elements is 
given in complete detail in Art. 3o, Following aro the results of Hijclt 
derivation: 

Wttr (thework of the normal forces N) ^ g (2h) 

TF/ji/Cthe work of the bending moment M) ^ (27) 

TFjy (the work of the shearing forces T) “ (2H) 

IVg/l 

In the above expressions: 

N, V and M are as above defined. 

ds is the length of the lamina of rib incUwIed lietween the two crt»w« 
sections a-e and b-d. 

A is the cross-sectional area of the beam. 

I is the moment of inertia of the cross-section aimtit the neutral 
axis (see Fig. 3). 

E is the modulus of elasticity of the material in flexure. 

E, is the modulus of elasticity of the material in shearing. 

C is a constant depending upon the shape of the beam cross-seotion. 

For rectangular cross-sections C 
For circular cross-sections C = 

For I-beams and riveted plate girders C is generally taken equal to 
(Ar Aw) where At is the total cross-section, and Aw the 
area of the web. 
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WotTz Due to a Uniform Change in Temperature. — For a uniform change 
in temperature, the only movement is a direct shortening of the lamina 
ds, and therefore the only force which does any work is the axial pressure 
N, the forces M and 7 doing no internal work. The total work due to a 
uniform temperature change is therefore 


Wn = Nctde (see Art. 3a) (29) 


Worh Due to a Variable Change in Temperaiure. — If the upper fibers 
of the beam are raised or lowered to a different temperature than those of 
the lower fibers, each lamina will undergo a slight angular distortion 
and the moment M will undergo a certain displacement. The work of 
both the axial thrust N and the shearing force 7 are obviously zero in this 
case and the entire work done on the lamina is given by the expression 



Mdsct' 

IT 


(30) 


where t' is the difference in temperature between the upper and lower 
fibers of the beam and h is the total depth of the lamina. 

The total work done on the lamina abed by all the forces active is, 
therefore, represented by the expression 


Wi 


NMs 

2AE 


MHs 

2EI 


CV^ds 

2EsA 


Netds “b 


Mci'ds 

~ir 


(31) 


The entire internal work for the beam is very clearly the summation 
of that for each lamina. 

Thus for the entire beam: 


+ S 


.CV^ds 


AMd'ds 


(32) 


This is the fundamental expression for the internal work in any 
soHd homogeneous beam including temperature effects and is entirely 
general, holding for straight as well as for curved beams under any loading 
and for any method of support. 

The complete work equation may therefore be written 


M2)FA + 'XFAt + SFAi - }iRAr = KX'AB' 




This corresponds to Eq. (8) of Art. 1, except that for framed struo 
tures the effect of a variable temperature change was not considered 
separately. 

The complete derivation of the above work formulas is given here for 
reference: 
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3a. Derivation of Expressions for Internal Work In Ribs md Beams, 
Work Due to the Axial Force N* — The effect of this force in flenrly to iuiUHi' fin* litienr 

distortion = jg-, where A represents the cross-sectioitHi nrim tiC ilie Inminn per- 
pendicular to the line of action of the force iV. If TF/^v th«^ vvtirk tine in 

this axial force, then we may at once write 

Wiff = ViNXif =» (. 4 ) 


Work Done by Moment Couple M , — The effect of this foro** t^lourly* hi .*ihorNni tin* 
fibers on one side of the neutral axis and lengtiien on the other, pnithtcing 

the distortion shown in Fig. 3c. The graded fiber strcH.st*8 tin the right hand Invv of 
the lamina do not exactly equal those on the left-haucl inaKiinich an the two 
moments differ by the quantity V<h. However, by taking da Hotlkiiently mnalt the 

average value M - {Mi 4- Ma) - M% + may ba HuliMtitnliHl for or 
without material error. 

This average value of M represents very closely the mtifttent tikittg the line 

q-T of the lamina in question and will be designated by tlw letter M without HuhiMeript. 

Consider any element of area dA whose distance fr<ini the iiinitrul m repn^- 
sented by the term z (Fig. 3c). 

From ordinary mechanics of flexure the stress tm thiH t dement in n^priw’iitinl by 
the expression 

fdA ^ — — or 

09 Ci 

The distortion of this fiber is repreHente<l by th(^ expri^iswiiin 


and the internal work resisted by this eleimmtary nroii *iA iw n*priwimtHi by thti 
expression 

dW,M = (HfdAXXM) - {(’) 

The upper surface of a beam or arch rib is hereinafter U^rmml the mtirailoi* anil tfir 
distance to the extreme upper fiber measured from the luititrul mm wilt im ilwigtmtcd 
by the term the extreme unit fiber stress (due to bcfstcitiig »tr^iii*»4 only) will In* 
represented by the term /« and the corresponding extreme! fllMfr di«tiirtifin by the term 
Xmc- The lower surface of a beam or arch rib is hereiniif ittr tontmi ihit intfiiitiii tml 
the corresponding quantities will be designated by the termu if<, /i, ela. 

From the fundamental theory of flexure (plane sf^tiarin mainlaineil liiiring limtff. 
ing) and from Hooke’s law of stress and strain pro|>ortiuitttlity, it bitkiwn that, for 
homogenous beams and ribs 


The internal work resisted by the entire lamina is i.bviiiiinly given by bilrgriitlng 
the above expression, whence 

«* -I-#*,. 

f f 

im 




where I represents the moment of inertia of the oross-atHJtioti nlxiut the neutral »*». 
Prom the theory of flexure = M, substitutinK w|,ip|| we have 


M><h 
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for the internal work overcome by the average bending moment M active on the 
la^mina abed. 

Done by the Shearing Forces . — ^The effect of the shearing stress V is shown in 
Fig. The total shear may be considered as made up of elementary forces dF, 

each active on an element of area dA. The displacement of the point of application 
of any one of these elementary forces is, from Fig. 3d, equal to bb^ or ds tan « , or, 
since oc jg very small, equal to ds « . The work resisted by each elementary force dF 
is therefore represented by the expression 

dWiv — HdF dA ds « {F) 

3ut from the definition of E^ (the shearing modulus of elasticity,) « = whence 

,rrr^ ^..fydVdAds\ ' _ 


and the work done by the total shear F active over the entire section is represented by 
the expression 

Wiv = J * dWir = dVdA (ff) 

If the shear were entirely vertical and uniformly distributed over the cross-section^ 
dV would be constant and equal to whence 


~ 2A^eS^'^ 2E,A 

The shear is not uniformly distributed over the cross-section and furthermore is 
not exactly vertical since lateral distortions developed by the axial stresses induce 
small shearing stresses at right angles to the plane of the load system. Consequently 
the above expression must be multiplied by a distribution coefficient C which may be 
determined for any particular section and we may write 

The distribution coefficient is a function of the size and shape of the particular 
cross-section under consideration and is derived from a theoretical consideration of 
the distribution and direction of the elementary shearing forces active on any section. 
The following values of C will suffice for the solution of the problems ordinarily 
encountered. 

Tor rectangular cross-sections, C — 

For circular cross-sections, C = i %. 

For I-beams and riveted plate girders no material error will result if C is taken as 

A-r 

— i — — total area of cross-section area of the web alone. 

Work Due to Uniform Change in Temperature . — ^If the lamina cibed be subjected to a 
uniform change in temperature of the force N will be displaced through a distance 
equal to Xt = ctds, and the resulting work wiU be represented by the expression 

TFt = Nclds (see Fig. 3e) (-ff) 

The forces M and F do not in this case contribute to the internal work. 

'Work Due to a Variable Change in Temperature . — ^Assume that the temperature at 
the extreme lower fiber of the lamina abed exceeds that of the upperfiber by and that 
the variation from lower to upper fiber is uniform. 

Tn addition to the direct axial distortion (taken care of by the work expression 
TFi = Netds (see Eq. (jfiT)) the lamina will distort as shown in Fig. 3/. The work 
at any elementary area dA whose distance from the neutral axis is z is represented by 
the expression 


— total area of cross-section area of the web alone. 


-)(fr) - 


ftdscI/ zHA 
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and the entire work of the lamina ahcd is represented by the expression 
, fedsci' r « , ^ feldscV Mdsct^ 


Wu' = r z^dA = 


Total Work on Any Lamina. — The total work done on the lamina ahcd by all the 
various forces active is represented by the expression 

ATVs M^ds 

Wi - Win + WiM + Wiv -j- Wdt + Wi/ = ^ + 

CV^ds , ZJ , Mct'ds 
mi +^ctds + m 

Entire internal work for the beam is very clearly the summation of the expression 
given in Eq. (N) for every lamina in the beam which is obtained by integration between 
the limits s = 0 and s = Z. Thus for the entire beam 

a a 0 V a = O ^ z =0 z — 0 d s — o 


4. Displacements and Deflections in Beams and Ribs. — Proceeding 
exactly as in the case of the framed structure (Art. 2) we may now derive 
an expression for the displacement or deflection of any point in a solid 
beam or rib under any condition of loading. 

The method of derivation is practically identical with that employed 
in deriving Eq. (15) of Art. 2, and need not be repeated here. The 
resulting equation corresponding to Eq. (15) of Art. 2 is as follows: 

. ’^Nntds , ^Mmeds , 

= L-aw + L-w~ + 

Where n^, me and Vc represent, respectively, the axial thrust, bending 
moment and shear due solely to the action of a unit auxiliary load 
applied at c, acting in the direction along which the deflection Au is 
desired. 

mi. • Nueds Mmeds .CVvedSj, - . 

The expressions - ^^ -- 7 — ^ y - and ^ for any lamina will be posi- 
tive when N and Ue, M and etc. have the same sign, and vice versa. 

A positive result for the term Af»c indicates that the deflection is in the 
same direction as that chosen for the unit load, a negative value indicates 
motion in the reverse direction. 

In general the displacements due to shearing strains are very small 
and may be neglected, whence Eq. (34) may be written 
. ^Nueds , ^Mmcds 

Throughout the remainder of this and subsequent discussions the 
effect of shearing distortions in ribs will be entirely ignored. 

Uniform Temperature Effect — The expression for the displacement 
due to a uniform change in temperature (corresponding to Eq. (17) of 
Art. 2) may be written 


Ate = '^neCtds + T^meCtds 


(36) 
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It is apparent from Fig. 3, that the distortion dda is an axial distor- 
tion only , the angular movement being zero. The product (m,)(ctds) is 
therefore zero and we may write 

Ate - l^UeCtds ( 37 ) 

Vdrioble Changes in Temperature. — It is sometimes necessary to 
consider a condition wherein the upper and lower fibers of a beam or rib 
are changed to different temperatures. This condition undoubtedly 
obtains in masonry arches and to an even greater extent in steel ribs. 
For a variable temperature change whose average value at the neutral 

axis is f and whose maximum and minimum values are t + -p andf — 

■ h 

t^e ■ 

Eq. (37) may be written 

A«, -I- Ai-c = '^n^tds -1- 

Where no acts in a direction such as to produce a strain in the same 
direction as cids, the term Uedds will be positive and vice versa. Where 
the moment acts in a direction such as to produce a fiber strain of the 
same direction as is produced by the variable temperature change the 

term will be positive and vice versa. 

The complete equation for the displacement of any point including 
the effect of both variable and uniform temperature changes may now 
be written as follows: 

A + A. + A.- - S'"- - 2^ + 2“ + 2“"^ + 2" W 

DEVELOPMENT OF THE GENERAL ELASTIC EQUATIONS FOR ARCH 

FRAMES OR TRUSSES 

Space will not permit of a complete treatment of every problem that 
may arise under the general designation of fixed framed arch spans, for 
which reason it is doubtless well to develop first the general basic elastic 
equations; thereafter restricting and modifying such equations for appli- 
cation to the most frequently encountered problems. 

The subject matter of this chapter will be devoted to a derivation 
of the fundamental elastic equations as follows: 

General Case . — ^The basic elastic equation for any fixed framed arch 
under any load condition and for any condition of supports. 

Case I. — Special case — frigid supports — temperature effects n^ected. 
Case II. — Special case — ^rigid supports — ^temperature effect alone 
considered. 

Case III. — Special case — one or both arch supports dastic or yielding. 
With these elastic equations developed the problem then becomes 
one of simplifying the same and adapting them for use under any jmr- 
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tic* set ol conditions. Tltis feature of the woric fonus tin, suhieet 

matter of succeeding chapters. ^ I^cforc prociHuliug 

6. Redundant Forces in a toed Framed 1 ,^,,,,^ 

withthederivationof the generM^c squat 1 • 



By introducing at point b (Fig. 4o) two opposing iortum nich cquiil nml 
parallel to Ri (which may obviously be done without tlinturhiitg the etfuili- 
brium), we may resolve Ri and Ri into a moment comi’In M “• HiH Hiitl u 
single inclined force (the resultant of Ri and Ri (FigC- 46) latth applieil 
at point b). 

Resolving this last inclined force into horizontal ami vertiwil com- 
ponents and treating the right-hand abutment in a Hiinilar mniiner, we 
observe that the arch is in equilibrium under the aet M>n uf tlie ••xteriml 
load system and six unknown reaction components aa fciUuWH: 

At each abutment (see Fig. 5) : 

(1) A horizontal force H. 

(2) A vertical force V. 

(3) A moment couple M. 

There are three basic equations of static equilibrium whicli mny Im* 
used for the determination of reaction components a» fultowis; 

S (Horizontal forces or components) ■>«■ (J 
S (Vertical forces or components) «> o 
S (Moments about any point) o 
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These equations suffice for the determination of three of the above six 
reaction components, leaving three unknown forces which cannot be 
evaluated by statics. 

These forces are known as “statically indeterminate” forces or 
reaction components and must be determined by means of the elastic 
equations hereinafter developed. 

These forces are also sometimes termed “redundant” forces the name 
being derived from the fact that such forces are not necessary to the 
stability Of the structure. 

To illustrate this last point the three forces H, V and M, at the left 
support could be entirely removed and the structure would still be 
stable as a cantilever and if properly 
designed would still carry a load (see 

Fig. 6). If, in addition, however, either i 

of the forces Ua or Ri (or what amounts 

to the same thing either of the forces Hi, (a) 

Vs or Afa) were to bo removed, the struc- Residual rrame-a Three Hinged Arch 

turo would immediately collapse regard- 



t’ni. (i. 


Fig. 7. 


Statically indeterminate forces or reaction components are always 
redundant in the above sense. Such reactions arc supplied for economy 
and rigidity but not necessarily for stability. 

6. Residual Frames. — From the foregoing it is apparent that the 
statically indeterminate forces or reaction components can always be 
removed, leaving a statically determinate frame which is stable under load 
but of greatly decreased strength. 

The frame resulting from the removal of such redundant forces will 
be designated the “residual frame,” 

Ilosidual frames for framed arch construction may be developed in 
serveral different ways. For example: 

(1) The three reactions at either support may be removed, develop- 
ing a cantilever residual frame (Fig. 6). 
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(2) The three members as shown in Fig. 7a may be removed and the 
residual frame becomes a three-hinged arch. 

(3) One horizontal reaction component and both reaction moment 
couples may be removed and the residual frame becomes a simple truss 
span (Fig. 7&). ‘ 

(4) Three members near the crown may be removed leaving the 
residual frame as two cantilever spans (Fig. 7c). 

The first method apparently results in a residual frame which is 
simple and easy to analyze and will be the method used hereinafter. 

In general the redundants should be chosen so as to develop the sim- 
plest residual frame. For arch analysis the removal of the three reaction 
components at either end is the procedure generally followed although 
some methods of analysis are based upon the removal of three members 
at the crown, leaving the residual frame as two simple cantilevers. This 
last method has some advantages in the case of symmetrical arches. 

7. Properties of the Residual Frame. — Consider the fixed arch span of 
Fig. 8. If the support at point b were to be removed, the structure would 

be at once transformed into a cantilever 
span fixed at the right support. It is 
apparent that the removal of this sup- 
port greatly modifies the values of the 
internal stresses, the remaining support 
reactions and the deflection of the span, 
for any given loading SF. If, however, 
at this left support there be inserted 
three unknown forces as follows : 

X = the unknown horizontal component 
Y = the unknown vertical component 
Z = an unknown moment couple 

and if these three forces be given such value (as yet unknown) that the 
same will exactly reproduce the effect of the removed support, then the 
original stresses, support reactions, etc., remain unchanged. In other 
words, the stresses in any member of the original arch, under the given 
loading 2F , is equal to the stress in this same member of the residual 
cantilever under the action of the given loading, plus three forces X, Y and 
Z, having some certain value as yet unknown and applied as shown (see 
8). (This is in accordance with the law stated in elementary 
mechanics that any member of a frame may be removed without disturb- 
ing the equilibrium, provided a force or forces representing the complete 
action of this member or the rest of the structure he inserted in its place,) 

It is also observed that the unknown redundant forces must be such 
as to hold the residual cantilever in exactly the same position under any 
given load system as that which the original arch would take, since the 


Coad ^iitm ZT 

I ^ 
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stresses and consequently the distortions remain unchanged. In other 
words, the removal of the left support would cause the point b (for 
example) of the residual cantilever, to deflect to some point b", but the 
three forces X, Y, and Z are, by hypothesis, just sufficient to bring the 
frame back to its original position. 

Let : 

S = total stress in any member of the original arch, due to whatever 
cause. 

So = stress in any member of the residual cantilever resulting from the 
given external loadings only (all redundant conditions removed). 

(S'* = stress in any member of the residual cantilever due solely to the 
redundant condition X (all other loads being removed). 

Sy = stress in any member of the residual cantilever due solely to the 
redundant condition Y (all other loads being removed). 

St = stress in any member of the residual cantilever due solely to the 
redundant condition Z (all other loads being removed). 

Sx == stress in any member of the residual cantilever due solely to a 
unit load applied at b and acting along the line of action of the 
redundant X (all other loads being removed). 

Sy == similar stress due solely to a unit load applied at b but acting 
along the line of action of the redundant Y (all other loads being 
removed). 

St = similar stress due solely to the action of a unit moment couple 
applied at b and in the direction assumed for Z (all other loads 
being removed). 

All tensile stresses are considered positive in sign; all compressive 
stresses negative. 

From the foregoing discussi on, it is apparent that we may at once write : 

(S = *<?, + (S* + (S, + St (40) 

Also, since the stress in any member of the residual frame is a linear 
function of its inducing load, 

(S* = Xs* ■ 

Sy = Ysy ■ (41) 

St = Zst 

Whence 

S = So + Xsx+ Ysy + Zs. (42) 

As before stated, the stresses in the residual frame are not altered 
by the removal of the supports at 6, and the insertion of the equivalent 
unknown forces X and Y and Z, from which it is apparent that the deflec- 
tion of any point in the original structure may be determined by applying 
Eq. (22) to the residual frame, using the values 

(S = (S« + Xsx -b Fsy H- Zst 
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8. Development of the General Elastic Equations. — Substituting for S 
from Eq. (42), we may write Eq. (22) for the arch span shown in Fig. 8 
as follows : 

o 7 

Ax “h Afx — Sr^Ar = ]2(So "h Fsy "f" Zs^ AE ^^xCtl 


which represents the total displacement of the redundant X. 

Writing a similar expression for the displacement of the redundants 
Y and Z, we derive the following three basic equations: 

A. + - SrA - + 

+ (43) 

A, + A„ - Sr,A. - Sll' + xX'fl' + ySlI + 




A f A A 'S^SoSzl , , ^'^SySzl 

+ A,. - Sr.A. = 2;^ + + i^2lF 


AE 

+ 


zXjg+Ss- («) 


In the above equations the following definition of terms and signs 
must be observed: 

Ax, Ay, etc. are the displacements of the point of application 
of the given redundant force measured in the direction 
in which such force is assumed to act with respect to 
the rest of the frame. 

Aix, Afy, etc. represent similar displacements but refer to 
temperature effects. This displacement must also 
be measured in the direction of action assumed for 
the redundant forces X, F, etc. 

— Sr^Ar, — SryAr, etc. represent summations extending over the residual 
frame not the original structure. The terms A,, are 
measured in the direction opposite that of the corre- 
sponding reactions r* or r^. 

The minus sign before the above summation sign indicates that the 
work of an elastic support is always negative. 

The individual terms etc. under the various summation 

signs are positive or negative according as the two terms carry like or 
unlike signs. For a rise in temperature the individual terms SxCtl are 
positive for tensile stresses, and negative for compressive stresses and 
vice verm. 

The above equations are applicable to any fixed framed arch span 
under any condition of loading and any condition as regards rigidity of 
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supports. They are, however, more or less unwieldy and can be some- 
what simplified for use in certain particular cases as follows: 

Case 1 — Rigid Supports Temperature Changes Neglected, — In this case, 
since the supports on the residual frame are rigid 


Sr^rAr = 0 
2rj,Ar = 0 

Sr^Ar = 0 


(46) 


Since the supports on the arch span at the left end are also assumed 
as rigid, the displacement of the redundant forces must also be zero, 
that is to say: 

A* = O] 


Ay = 0 


A, = 0 


(47) 


Therefore neglecting temperature terms we may write 
Z/AE ^ 

2 SoSyli I SxSjfl I ^ I /7 ^ySySgl 

IF ^^'AE ^‘^^~AE 


'AE 


fAE 




= 0 


= 0 


= 0 


(48) 

(49) 

(50) 


All the terms in the above three equations, except X, Y and Z, are 
easily found, being stresses, lengths, etc. for the residual cantilever which 
is statically determinate. 

After these terms are computed, the three equations can easily be 
solved for X, Y and Z. 

Having X, Y and Z, the stresses “S” in the arch frame are obtained 
from Eq. (42). 

The value of any support reaction at the right-hand support, such for 
example as H, is obviously given by the equation 

H = Ho + Xh^+ Yhy + ZK (51) 

where Ho is the value of the horizontal thrust at point d for the residual 
cantilever under the given load system, and hx, hy, and hz, are values of 
this horizontal thrust due solely to unit loads applied at b along the line of 
action of X, 7, and Z respectively (these thrusts being obviously computed 
for the residual cantilever). 

In a similar manner Mg-g, the bending moment in the arch frame 
about any line g~g, is given by the expression 

M = Mo + Xmx + Ymy + Zm« (52) 

Particular attention must be paid to the signs of Ho, Mo, m®, X, Y, 
etc . 

Case II — Temperature Stresses {Rigid Supports), — The effect of tem- 
perature stresses alone may be readily obtained by writing Eqs. (43), (44) 
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and (45) with the stress So placed equal to zero. Also as in Case I since 
the supports are rigid and unyielding the entire left-hand member of each 
of the above equations may also be made to vanish, whence we have : 

“ (53) 

^x‘ji + 

+ >'2^ + ^2jl + 21.^ - 0 (55) 

The individual terms SxCtl, SyCtl and SzCtl under the summation sign 
will be positive or negative according as s and ctl are of equal or opposite 

direction. For a rise in temperature ctl will carry the same sign as a 

tensile stress and vice versa. 

Case III — One or Both Supports Elastic or Yielding, — ^This is a condi- 
tion which rarely occurs in practice, particularly in the case of framed 
tcodsjsumzF arches which are chosen in general only 

fj — ^ ^or long spans and for locations where 

— I — n, natural foundations are of the best. 

I ^ equations for this case are of course 

adapted from the general elastic equa- 
^lons [Eqs. (43), (44) and (45)] but the 
(a) process is rather long and the discussion 

I ^ ^ more or less involved. 

I / ^ _ -- For the foregoing reasons the entire 

^ ^ (D 0) d) question of elastic and yielding supports 

, T j. — r- T j _;.n . ^ 1 I* j. . . 


will be reserved for discussion elsewhere. 

ELASTIC INFLUENCE LINES FOR FIXED 
FRAMED ARCHES 


HanzontaTj 

\ terminal pt 0* 

/ 


jdmmmwA \ ^ Having developed, in the preceding 

chapter, the fundamental elastic equa- 

tions for the analysis of stresses in this 
(b} type of structure, the present chapter 

I will be devoted to a consideration of 

|k methods whereby these formulas may be 

g simplified for more ready application to 

the analysis proper. 

9. Simplification of Elastic Equations. — Consider the arch span of 
Fig. 9, under the action of any external load system 2F. It has been 
shown in the preceding chapter that the removal of the left support and 
the insertion of three redundant reaction components (two linear forces 
and one moment couple) at point 5, so proportioned as to reproduce the 
action of the removed support does not disturb the equilibrium nor 
modify the stresses in the arch frame. Let us carry this one step further 
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and replace the left support by a rigid bracket as shown in Fig. 96, termi- 
nating at some point O'. 

If this rigid bracket is acted upon by two linear forces X and Y 
and a moment couple Z, it is apparent that these new redundant forces 
may be so proportioned as to exactly reproduce the effect of the first 
three redundants (applied at point 5). We may therefore solve, for the 
forces X, F and Z applied at the terminal point of the rigid bracket, by 
means of Eqs. (48) to (50) and (53 to 55) exactly asbefore. The results will 
not be identical with values obtained by placing the redundants at point 
6, but their combined effect will be identical as regards the stress in any 
member of the frame. 





It will now be shown that by properly locating the terminal point 0 
of the above bracket and by properly selecting the angle 6 between the 
lines of action of the two redundants X and F, the resulting elastic 
equations may be very much simplified. 

Referring again to Fig. 9, let us assume the redundant F to act 
vertically upward, the redundant X to act upward and to the right 
making some angle d with the line of action of F and an angle of (f> = 
($ — 90 deg.) with the horizontal. The direction of the redundant 
moment Z will be assumed as shown in the figure. (As has already been 
pointed out the direction of action of the redundant forces may always 
be arbitrarily assumed. If these directions are reversed under any given 
loading the values of the redundants under such loading will simply 
come out negative.) 

Through the assumed terminal point O' construct two temporary 
coordinate axes X'X' parallel to the line of action of the redimdant X, 
and F'F' parallel to the line of action of the redundant F, 
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Let a;' represent the abscissa of any panel point (or moment center, 
such as g Fig. 10) measured horizontally from the axes Y'Y\ 

Let y' represent the ordinate of any panel point (or moment center) 
measured vertically from the axes 

For each member of the frame compute the term G — [ ^ 
where 

Bz = the stress in this member of the residual cantilever due 
solely to the unit auxiliary load (moment couple) Z = unity. 

Z, A and JE = as previously defined. 

p = the perpendicular dropped on the member in question 
from the center of moments for that member (see Fig. 11). 



The values G will be termed the elastic weights of the members in 
question and are hereinafter considered as loads. 

Also let: 

m* = the moment at any panel point (or moment center) due to an 
auxiliary unit load applied at O' along the line of action of the 
redundant X and acting in the same direction. 

My = the moment at any panel point (or moment center) due solely 
to an auxiliary unit load applied at O' along the line of action of 
Y and acting in the same direction. 

mz = the moment at any panel point (or moment center) due solely 
to an auxiliary unit moment couple applied at O' and acting in 
the direction assumed for Z, The moments and 

obviously refer to the residual cantilever not the fixed arch. 

(Moments which produce compressive stresses in the top chord of the 
residual cantilever will be designated as positive and vice versa. The 
coordinate x' will be designated as positive to the right and negative 
to the left of the F'F' axis, the coordinate a/' as positive above and nega- 
tive below the axis X'X'.) 
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Then from the above and from Fig. 11 (paying due attention to the 
sign designations and to the direction assumed for the redundant forces) 

rriz = 1.0 ( 56 ) 

mz = — y' oos<l> = —(y" — xta.n<f>)cos<l> (57) 

where y" is the vertical ordinate measured from a horizontal axis 
through the origin O' 


lUy = x' 


Sx — 
Sy = 

Therefore (since G = 

X SzSz^ 

AE “ 


_ y' cos 4) 
p 

P 

8z^ 1 

AEp AEp^/ 

— 2Gy' cos <t> = —cos <j> 'XGy' 



(58) 

(59) 

(60) 
(61) 

(62) 

(63) 


Now if the center of gravity of the “elastic load” system SG be deter- 
mined and the terminal point of the rigid bracket be shifted to such point, 
we may, at once, write 


iGy' = 0 
EGx' = 0 

and both vanish from the elastic equations. 


(64) 

(65) 


The above required center of gravity (which will hereinafter be 
termed the elastic center of the arch system) is obviously located either 
by means of graphics or algebraically, as shown in Fig. 12, in exactly the 
same manner as for any ordinary load system. 

For example, in Fig. 12 the ‘^elastic weights” have been applied 

(1) Vertically, whence x = 

2/(jr 

(2) Horizontally, whence y” = 

UG- 

(3) (as a check) Parallel to X-X, whence y cos <t> == ^ 


If the work is done correctly, the three elastic resultants” will 
intersect in a point which is the required ^^elastic center.” 

The terminal point for the rigid bracket is now shifted to the true 
elastic center, whence (see Fig. 12) 

ic = a:' — 5 (66) 

y = y' - y (67) 

27 
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Thus far the angle ^ has not been determined and our next step is 
the evaluation of this angle, such that 



Fig. 13. 


To do this proceed as follows: Through the true elastic center as above 
located construct an auxiliary horizontal coordinate axis 
and determine the vertical ordinates y'" for each panel point or moment 
center (see Fig. 13), Obviously 

y = ^ tan ^ 

= “i/'O - (^' — tan 


( 68 ) 
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Also 

= - ^(j/cos^) = - ^ cos 4>\(^y" - y")- (a:' - x) tan (69) 


■Placing ~ 0 gives the following; 


2^ ^ y tan<^J — 0(71) 


or 

hGxy' 'cos ^ — 'EGx^if' cos <56 — , 2>Gxy" cos + HGxy^' cos ~ 

— xy sin 0 = 0 (72) 
or 


tan ^ = 


'ZGxY - :^Gx'y'' ~ 20xy^' + 'ZGxf' 
l^G(x' - xy 


(73) 


From the above equation the angle ^ is readily found. 

With the redundant X making the above determined angle 0 with 
the horizontal and with the rigid bracket terminating at the elastic center, 
it has been shown that 

I 

^AE 

2 ) 5 %^ all vanish 

S SySzl 

Te 


Whence Eqs. (48) to (50) may be written: 


X = 


Y = 


Z = 


S 

2 

'i: 

s 

X 


SoSxl 

AE 
Xs.)H 
AE . 

SpSyl 

AE 

{Sy)H 

~AE_ 

Te 

Wl 

AE 


(74) 


(75) 


(76) 
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Also, for temperature stresses, Eqs. (53) to (55) become 


X, = 

Yt = 

Z, = 


'^SxCtl 


^ AE 


^SyCtl 

^ AE 


^ SiCtl 

^ AE 


(77) 


(78) 


(79) 


10. Application of Above Simplified Formulas. — Equations (74) to 
(76) may be solved algebraically for any given condition of external loading 
but this process is rather laborious inasmuch as it requires a substitution 
in the formulas for every different possible combination of live and dead 
loads. 

A much more expeditious method of analysis may be developed by 
the construction of influence lines for the three redundants X, Y and Z. 

The method and underlying theory is as follows: The effect of the 
web distortions in framed arch structures is very slight. Moreover the 
inclusion of web strains, in general, results in a large number of elastic 
weights and rather complex graphical diagrams. For this reason it is 
general practice to ignore the web system when developing the influence 
lines for the redundant reaction components. This will be done in this 
case, the method wherein web strains are included being considered in 
the appendix which follows this chapter. 

Gravity Loadings . — For a unit load at any point, say point g (Fig. 14), 
So becomes So, and Eqs. (74) to (76) may be written: 


Y, 

Zo 



(80) 

(81) 

(82) 
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With these unit lond formulas we may proceed as follows: 

(1) Reverse the supports on the residual cantilever thus considering 
it as feed at the left support and free at the right (see Fig. 14). 

(2) Construct a load line with the elastic weights G applied at their 
corresponding panel points. 

(3) With a pole distance equal to S(? construct a ray diagram and 
equilibrium polygon for the cantilever feed at the left support. 



"Raversed “ Ca nti levs r 
Fio. 14. — Influence line for redundant Z. 


Result: 

This equilibrium polygon is the influence line for the redundant Z. 
Proof : 

Any intercept through any panel point, as for example panel point g 
(see Fig. 14), measures the term 
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From Fig. 15 we at once observe that 

k 1 

^OQ — 

P 

Whence 



Nofe> For con f /lever as shown f fixed at ri^hf end) 
he stress in any member due to a unit 
load of g) is egiua/ to 

m.o^/F^frhe moment a1 the center of moments 
for this member due to the same /oadin^ 
'divided bjio the perpendJeu/ar dropped onto 
the member from said moment cented 


unit load of \ 

J. baF-j. - 


Therefore for a unit load of pi > 

Poinft 

’•17 <» "^JVf 

Pointa 3 


Fia. 15. 


(S4) 
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In a similar manner if the load system 'EGx be employed and an 
equilibrium polygon constructed, using a pole distance H = the 

intercept vertically through any panel point g measures the value 


^Gxk 


So** SC-)s 


( 86 ) 




As before 
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Therefore this ordinate measures the term 


~aW 

^ AE 


= Ya 


(89) 


This equilibrium polygon is therefore the influence line for the redun- 
dant Y (see Fig. 16). 



A/ofe:- The toads Gy where y 
has a negative, vatue act uy . 
ward^ the other loads. Gy act 
downward. 


Fig. 17 . 


Th© influence line for the redundant li. is constructed in a similar 
manner. In this case: 

Load system = iGy 

Pole distance = cos </> = cos 

Obviously the vertical intercept through panel point g measures the 
term 



( 90 ) 
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As before 


-h 


= s, 


* 0|7 


Iso 


- = — s*(sec <t>) 
P 

irhence this intercept may be written (see Pig. 17) 


(sec 4>)\cos 


^ AE 


= X. 


(91) 

(92) 


(93) 


Having the above influence lines determined, the redundant reaction 
cmponents are readily obtained for any given system of external loading 
lead or live) and, having these redundants, the stresses, reactions, dis- 
lacements, etc., for any point or member of the arch frame are readily 
etermined from statics (see next chapter). 

Temperature Stresses {Uniform Change ). — The value of the redundant 
taction components induced by a uniform change in temperature may 
e determined directly from Eqs. (77) to (79) as follows: 

For a uniform change of f in each member of the span 


= - 


Zt= - 


^SxCtl 



(cos 

SyCtl 2 )(“)^^ 

SzCtJf XO ctl 

Xg Xg 


(94) 

(95) 

(96) 


The individual terms under the summation sign will be positive for a 
emperature rise and negative for a temperature drop, when Sx, Sy and Sz 
epresent tensile stresses and vice versa. 

Stresses Due to a Variable Change in Temperature . — If the change in 
aternal temperature is different for different members of the span, the 
hove formulas may still be used, the only difference being that the value 
►f ^ will be different for the different members occurring in the summations 
ZsxCtl, I^SyCtl, etc. 
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11. Horizontal and Inclined Loads. — Equations (74) to (70) iiokl fop 
stresses produced by any system of external loading — horizontal, vertical 
or inclined. The influence lines developed in Art. 10, howovt'r, are hjist'd 
upon the consideration of a moving unit vertical load If thcs effect of a 
system of inclined loads is desired, it is quite possible to devcdop a system 
of influence lines for the same, but whether this metho<l of proce'dure has 
anything to recommend it over the direct solution of Etja. (74) to (70) 
depends wholly upon the conditions of the problem. Tlas ut ility of a 
series of influence lines constructed for a unit horizontal moving load is 
not such as to warrant discussion at this point. 

12. Direction of the Redundant Forces.^ — The resiiltof the demonstra- 
tion which forms the subject matter of Arts. 9 and 10 iiulicatcs that tlui 
redundant forces X, Y and Z each act in the direction first assumed (stKi 
Pig. 9a) for any position of the moving vertical load. If the assumed direc- 
tion of one or more of these forces were to be revers(!d, the signs of the 
corresponding ternos mx, or m*, as the case may bo, would bo immedi- 
ately reversed and the expression for the redundants in (juostion would 
come out negative indicating a direction of action as first assumed. 

^ Effect of Weh Distortiom. — ^As stated hereinabove the effect of woh diwlertimm in 
thfe type of sfxuoture is relatively slight and is usually ncglooted in the diderminiition 
of influence lines for the redundant reaction components. 

The effect of these distortions corresponds in a general way to that of the Ntienriiig 
strains in a solid homogeneo^ beam, although the former are rather more pretunmcetl 
because of the smaller relative area of the web system. 

It IS generally possible (except for parallel chord arch framcH) to itichtde llie cirect 
of web strains by employing, for each web member, a single ohiMtic load applied at the 
center of moments (intersection of chords) for such web member (see Fig, 1 1 ), These 
loads are, however, inconvenient to handle, oftentimes falling eufindy ontsnie the 
limits of the drawing. The following method, using for each wel) member a pair of 

loads, opposite in direction, is much more convenient. The demon«lratimi m as 
lollows: 


Elastic Loads for Web /Strains.— Consider the clastic load 6', - applied 

No. 3 (1% 18). It is po^ibb to exactly 
reproduce the effect of this elastic load (applied at 0,) by two elastic loads 


and 



applied at |>Qint / 


G,' = applied at point e 


Os'd — (?8a 
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The intercept under point d is measured by the term 



Fig. 18 . 


For a unit load at point / 
i by substitution 



dZ, 


— G$(z 


Similarly for a load at point d 

8o$ 


b 

p 


I 


dZz « 


-Gzh 

'lG 
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The equilibrium polygon for the two elastic loads Gz and Gz” applied to the 
'^reversed cantilever” using a pole distance H = S(r is therefore identical with the 
influence line representing the effect of the web member No. 3 on the redundant Z, 
We have only, therefore, to add the two elastic loads Gz' and Gz' (acting as shown) 
to the elastic load line of Fig. 14 in order to include the effect of this web member. 

In a manner similar to the above the two loads Gz and Gz” may be shown to exactly 

replace the single load Gz when using the load 
system Gx or Gy. The above identity may also 
be proved for any web member. 

When the chords are parallel, the lever 
arms a and h of Fig. 18 become infinite and 
the expressions representing the value dZ 
involve the indeterminates (0 * «). 

Some other method of evaluating the same 
must therefore be devised. This may be ac- 
complished as follows : Suppose the two chords 
whose intersection determines the moment 
center Oz for web member No. 3 (Fig. 18) to be 
parallel. The position of Oz therefore recedes 
to infinity and rays No. 1 and No. 3 become 
parallel (see Fig. 19). 

The two elastic loads Gz and Gz" must 
therefore be equal and opposite and may be 
evaluated as follows: Place a single unit load 
at point / and determine the resulting stress s/a 
in web member No. 3 (either algebraically or 
by graphics). 

In order that the load system Gz and Gz^ may reproduce the effect of this web 
strain on the influence line for the Z redundant, 

[ ^fZ^zZ^ 1 

AE \ , Gz'd 

“just equal ^ 

Whence 

«•' -[(Ss)Cf)] 

In the above manner the elastic loads G' and 0" and also G% G*y, G'^x and for 
each web member in the frame may be evaluated and the same added to the elastic 
load lines of Figs. 14, 16 and 17. 

One of the two elastic loads G' or G" for each web member acts downward, the 
other acting in the opposite direction. To determine which is which, recourse may 
be had to the following line of reasoning: 

For every chord member in the frame the term?^ is obviously negative 
(with the Z redundant acting as assumed). 

For any web member therefore if the term ^^for a unit load at this same 

point g, be negative, the elastic loads representing the effect of such web member will 
have a direction such as to increase the influence ordinate at point g when added to the 

elastic load line. If, on the other hand, the term be positive these loads 

will have a direction such as to decrease this influence ordinate. In this manner the 
particular load G' or G" which acts downward can be readily determined for each web 
member in the frame. 
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THE ANALYSIS OF FIXED FRAMED ARCHES 

(Symmetrical and Unsymmetrical Spans) 

13. Unsymmetrical Spans. — ^The following method of analysis is 
simply the application of the formulas derived and demonstrated in the 
preceding chapter and is applicable to any fixed framed archj either sym- 
metrical, or unsymmetrical, under any system of loading, provided the 
supports are and unyielding. The special case of elastic supports will 
be considered elsewhere. 

Let it be required to design the fixed framed arch span shown in Fig. 
20, the same being supported on solid rock abutments and having a span 
length of 275 ft. as shown. The span is taken as unsymmetrical in order 
to make the problem entirely general. The special case of symmetrical 
spans will be discussed later. 

The procedure is as follows: 

Operation No. 1. — Assume tentative dimensions for the depth of 
frame at skewback and at crown and also tentative values for the cross- 
sectional areas of the chord members. These dimension and area assump- 
tions are generally based upon previous experience or published data 
regarding spans of like length and designed for similar load conditions. 
After the analysis is complete these assumptions will be corrected in accor- 
dance with the results obtained and the analysis re-run using the new 
values of Ij A f etc. If these second results are such as to necessitate a 
considerable modification of the last assumed values of I and A, a third 
analysis must be made, etc. Generally two or three trials will prove 
sufficient. 

There have been several approximate methods and formulas devised 
and announced from time to time for determining the approximate size 
of the arch frame members to guide preliminary assumptions. It is 
rather doubtful whether this procedure has anything to recommend it 
over an out and out assumption tempered by judgment and experience. 
Most certainly it takes more time and generally yields results but very 
little closer to the final values than those which may be assumed outright 
by an experienced designer. 

Operation No. 2. — ^Lay out the frame to an adequate scale, assume a 
temporary origin of coordinates (see Fig. 20) and construct two temporary 
coordinate axes, one vertical and one horizontal through such point. 

Operation No. 3. — For each member of the frame (web members are 
generally neglected their effect being very slight) determine the length I 
(in feet), the cross-sectional area A (in square feet), the perpendicular 
distance p dropped upon each member from its moment center, and also 
the coordinates rc' and y" for each of these moment centers measured from 
the temporary origin. 
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Operaiion No. 4. — Collect and tabulate the values of I, A, p, p®, G = 

x', y", Gx' and Gy" (see Table 1 for the arch under consideration). 

The term E (29,000,000 X 144 for steel when pound and foot units are 
used) occurs in both numerator and denominator of the terms represent- 
ing the redundants (see Eqs. (74) to (76) inclusive). To avoid long deci- 
mals, therefore, E has been taken as 29 in computing the terms G in Table 
1, this obviously having no effect on the resulting redundant values. 


Table 1. — Calculation pon Elastic Loads G and Location op the Elastic 

Centee 0 


Member 

1 

(feet) 

A 

(sq. ft.) 

O 

(feet) 

/)* 

^ AEp^ 

Point 

of 

appli- 

cation 

or' 

y" 

Gx' 

Gy" 

UI-U2 

26.85 

0.34 

29.3 

858.49 

0.00317 

LI 

-130.0 

16.8 

-0.412 

0.054 

U2-UZ 

26.75 

0.34 

25.0 

625.00 

0.00434 

L2 

-105.0 

30.7 

-0.456 

0.133 

VZ-U4 

26.02 

0.30 

23.0 

529.00 

0.00565 

LZ 

- 82.0 

40.3 

-0.463 

0.228 

1/4- C/5 

25.55 

0.30 

21.8 

475.24 

0.00618 

L4 

- 60.0 

47.3 

-0.371 

0.292 

U5-UZ 

25.12 

0.30 

20.8 

432.64 

0.00667 

L5 

- 37.5 

52.0 

-0.250 

0.347 

C/e- C/7 

25.02 

0.30 

20.3 

412.09 

0.00698 

L6 

- 12.5 

54.6 

-0.087 

0.381 

C/7- C/8 

25.02 

0.30 

20.3 

412.09 

0.00698 

L7 

+ 12.5 

54.6 

+0.087 

0.381 

C/8- C/9 

25.12 

0.30 

20.8 

432.64 

0.00667 

L8 

■f 37.5 

52.0 

+0.250 

0.347 

C/9- C/10 

25.55 

0.30 

21.8 

475.24 

0.00618 

LQ 

4- 60.0 

47.3 

+0.371 

0.292 

C/IO-C/U 

26.02 

0.30 

23.0 

529.00 

0.00665 

HO 

-h 82.0 

40.6 

+0.463 

0.229 

c/n-c /12 

26.07 

0.34 

26.3 

691.69 

0.00382 

Xll 

+105.6 

1 30.6 

+0.403 

0.117 

IX)-L1 

26.00 

0.36 

31.1 

967.21 

0.00257 

C/1 

-150.0 

40.7 

-0.386 

0.105 

L1-L2 

28,71 

0.35 

26.2 

686.44 

0.00412 

C/2 

-125.0 

49.2 

-0.515 

0.203 

I.2-L3 

25.10 

0.35 

24.1 

580.81 

0.00426 

C/3 

-100.0 

59.2 

-0.426 

0.252 

L3-M 

22.92 

0.32 

22,6 

510.76 

0.00484 

C/4 

- 75.0 

66.7 

-0.363 

0.323 

Z4-L5 

22.96 

0,30 

21.5 

462.25 

0.00571 

C/5 

- 50.0 

71.6 

-0.286 

0.409 

L5-L6 

25.17 

0.30 

20.8 

432.64 

0.00669 

C/6 

- 25.0 

74.6 

-0. 167 

0.499 

LQ-L7 

25.00 

0.30 

20.6 

424.36 ' 

0.00677 

C/7 

0.0 

75.5 : 

0.000 

0.511 

L7-L8 

25.17 

0.30 

20.8 

432.64 

0.00669 

C/8 

+ 25.0 

74.6 

+0.167 

0.499 

X8-i9 

22.06 

0.30 

21.5 

462.25 

0.00571 

C/9 

+ 50.0 

71.6 

+0.286 

0.409 

1.9-ZilO 

22.92 

0.32 

22.6 

610.76 

0.00484 

mo 

+ 75.0 

66.7 

+0.363 

0.323 

LlO-Lll 

25.55 

0.35 

24.5 

600.25 

0.00419 1 

C/ll 

+100.0 

59.2 

+0.419 

0.248 

LIUL12 

S 

14.90 

0.35 

29.0 

841.00 

0.00175 

1.2043 

C/12 

+125.0 

52.1 

+0.219 

-1.154 

0.091 

6.673 


Operaiion No. 5. — Locate the position of the center of gravity of the 
elastic load system S(? by means of the formulas 


X 


2Gx' 

XG 

-SGy" 

2 (? 


-1.154 

1.2043 

6.673 

1.2043 


-9.58 ft. 
55.41 ft. 


From Table 1 




Elastic load sysdum SO 






432 


MOVABLE AND LONG-SPAN STEEL BRIDGES 


[Sec. 9-13 


Table 2 


Member 




Gx'y" 


Gix')^ 



(+) 

(-) 



(+) 

1 (~) 


UI-U2 


6.92 

53.57 

L2-L3 


25.22 

42.60 

U2-US 


14.00 

47.85 

L3-L4 


24.21 

27.22 

uz-m 


18.66 

37.99 

L4-L5 


20.48 

.14.28 

J74-175 


17.55 

22.25 

L5-L6 


12.46 

4.18 

u^m 


13.00 

9.38 

L6-L7 

0.00 

0.00 

0.00 

UQ-U7 


4.75 

1.09 

L7-L8 

12.46 


4.18 

U7-m 

4.75 


1.09 

L8-L9 

20.48 


14.28 

usr^m 

13.00 


9.38 

L9-L10 

24.21 


27.22 

279-2710 

17.55 


22.25 

LlO-Lll 

24.80 


41.90 

2710-2711 

18.80 


37.99 

L11-L12 

11.40 


27.34 

2711-2712 

12.33 


42.60 





LO-Ll 


15.71 

57.83 

Total 

159.78 

198.30 


L1-L2 


25.34 

64.38 



38.52 

610.85 


Substituting from the above table and from Table 1 
Tan <p == 

-38.52- (55.41)(-1.154)+(9.58)(6.673)-(9.58)(55.41)(0.1204) 
610.85-2(9.58)(1.154)+(9.58)(9.58)(0.1204) 

Operation No, 7. — Construct two new coordinate axes through the 
'Hrue elastic center ” as found above as follows : 

Axis Y-Y vertical 

Axis X-X making the angle 0 with the horizontal. 

Compute or scale for each chord member the new coordinates x and y, 

X measured horizontally from the new axis Y-Y. 
y measured vertically from the new axis X-X, 

X will be taken as positive to the right of the axis Y-Y 
and negative to the left. 

y will be taken as positive above and negative below the 
axis X-X, 

Next compute the terms Gx, Gy, Gx^, Gy^ and the summations S(?, 
2Gx^ and hGy^ for every chord member of the frame. 

This work is tabulated in Table 3 for the arch under discussion. 
Operation No. 8. — Considering the frame as a cantilever fixed at the 
left support (this is the reverse of the condition imder which the residual 
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frame was developed), construct the following three equilibrium polygons 

/ Elastic load system (r 
1 Pole distance H = IG 


Polygon A 


_ , „ / Elastic load system Gx 

Polygons . 25 ^, 

Pni vo-nn O I Elastic load system Gy 
yg ^ 1 Pole distance H = cos 

From the considerations and demonstrations of the preceding chapter 
Polygon A = the influence line for the redundant Z (a momen 
couple) applied at the end of a rigid bracket fastened to the left suppor 
and terminating at the elastic center 0. 


Table 3 


Member 

Num- 

ber 

Moment 

center 

G 

X 

y 

Gx 

Gy 

Gx^ 

<72/2 

LO-Ll 

1 

U1 

\ 

0.00257 

-140.42 

- 8.67 

0.361 

0.022 

50.69 

0.1! 

VUU2 

2 

LI 

0.00317 

1 -120.42 

-33.43 

0.382 

0.106 

46.00 

3.5' 

LUL2 

3 

U2 

0.00412 

-115.42 

- 1.25 

0.476 

0.005 

54.94 

0.0 

V2nVZ 

4 

L2 

0.00434 

- 95.42 

-20.61 

0.414 

0.089 

39.50 

1.8: 

L2-I/3 

5 

U3 

0.00426 

- 90.42 

+ 7.68 

0.385 

0.033 

34.81 

0.2, 

173-274 

6 

L3 

0.00565 

- 72.42 

-12.00 

0.409 

0.068 

29.61 

0.8: 

L3-L4 

7 

U4 

0.00484 

- 65.42 

+14.10 

0.317 

0.068 

20.74 

0.9i 

274- C/5 

8 

L4 

0.00618 

- 50.42 

- 5.94 

0.312 

0.037 

15.73 

0.2: 


9 

U5 

0.00571 

- 40.42 

+17.93 

0.231 

0.102 

9.34 

1.8; 


10 

L5 

0.00667 

- 27.92 

- 2.21 

0.186 

0.015 

5.19 

o.o; 

L5-L6 

11 

U6 

0.00669 

- 15.42 

+19.85 

0.103 

0.133 

1.59 

2.6' 

m-U7 

12 

L6 

0.00698 

- 2.92 

- 0.68 

0.020 

0.005 

0.06 

O.Oi 

L6-L7 

13 

U7 

0.00677 

+ 9.58 

+19.68 

0.065 

0.133 

0.62 

2.6! 

C/7-278 

14 

L7 

0.00698 

+ 22.08 

- 1.76 

0.152 

0.012 

3.36 

o.o: 

L7-L8 

15 

U8 

0.00669 

+ 34.58 

+17.70 

0.231 

0.118 

7.99 

2.0! 

278-279 

16 

L8 

0.00667 

+ 47.08 

- 5.43 

0.314 

0.037 

14.78 

0.2< 

L8-L9 

17 

U9 

0.00571 

+ 59.58 

+13.63 

0.340 

0.078 

19.92 

1.0( 

279-2710 

18 

L9 

0.00618 

+ 69.58 

-11.10 

0.430 

0.069 

29.92 

0.7' 

L9-L10 

19 

UlO 

0.00484 

+ 84.58 

+ 7.65 

0.409 

0.037 

34.59 

0.2^ 

2710- C/ 11 

20 

LIO 

0.00565 

+ 91.58 

+19.29 

0.517 

0.109 

47.35 

2.i; 

LlO-Lll 

21 

Ull 

0.00419 

+109.58 

- 0.92 

0.459 

0.004 

50.30 

o.c; 

2711-2712 

22 

Lll 

0.00382 

+115.18 

-29.78 

0.440 

0.110 

50.68 

3.2^ 

L11-L12 

s 

23 

U12 

0.00175 

0.12043 

+134.58 

- 9.10 

0.236 

0.016 

31.76 

599.47 

0 . 0 < 

24.8: 


Polygon B the influence line for the redundant Y applied at th( 
same point and acting vertically upward. 

Polygon C the influence line for the redundant X applied at th; 

same point and acting to the right along the axis X-I 
(making an angle <t> with the horizontal). 


28 
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Referring to Fig. 20, wl«>r«nn tin* hImjvo iutlucnw have Iwen con- 
structed, it is observeii : 

(1) That for polygon A the pole tlistunce, for convcnienoi', him Imm 
taken as 2.5 SK? (in order to plot up at a iH-ttor scale). The interci'pts 
on this influence line therefore measure to tla^ same scale as the frame lay- 
out the term Z -i- 2.S. 

(2) That in a similar manner polygon It measures the term 100 )’ ami 
polygon C the term 20A'. These ctinstants are merely usml to alTortl a 
good scale for plotting. 



...A'i 



to^ 

itifh0»m§ 

/m 


> r* 


Flit. aa. 


(3) Tho clastic loads (h arc negative for alt points to the left of the 
elastic center (since x is negative for these isiints). To take care of this 
and to avoid confusing the diagram, the |xile for the nepitive loads for 
(X)lygon a is simply thrown to the opixwite side of the load line and all 
loads piotteii downward. 

Operatim No. 9— -.S/rm Influents Idnrs.— With the influence linm 
for the redundants once tietennineci as per the aUive, the stress 
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influence line for any member of the frame may be very readily 
determined. 

Thus for a unit vertical load at any panel point (as for example point 
g) the stress in any frame member becomes 

“ Sog H“ XgSx "I” YgSy + Z gSz 

due attention being paid to the signs or direction of action of the various 
forces. 

From this equation the chord stress influence lines may readily be 
constructed. 

The influence lines for the web members may be readily plotted from 
the influence lines for the two adjacent lower chord members simply by 
analyzing the lower joint for each position of the unit load, as shown in 
Fig. 24. The method of computing the influence lines for both chord and 
web members is given in complete detail in Tables 4 and 5 and in Figs. 
22, 23, 24 and 25. 



For a unit had to the /efl of paheJ pomf US 


For a unft had to f he HgM of pane/ Point US 
s’J,[-xycos4,--^tzf 

Pig. 23. 


Operation No. 10 — Temperature Stresses, Uniform Temperature 
Change . — The values of the redundants due to a uniform change in the 
internal temperature of the frame members are given directly by Eqs. 
(94) to (96) inclusive of the preceding chapter as follows: 


'ZSxCtl 

cos 

'ZSyCtl 

2G*a:® 
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TabiiE 4. — Influence Line Data for Member L1-L2. 


Load 

poin-t 

X 

Y 

2 

Q 

Yycos<l 

Yx 

s 

! 

0.000 

1.000 

140.42 

25.0 

0.000 

IIS.48 

0.000 

Z 

0.0SS 

0.838 

ff6.20 


0.063 

96.78 

0.746 

3 

0£30 

0.758 

94.00 


0.288 

35. IS 

0348 

4 

0.470 

0666 

73.00 


0.588 

76.87 

0.125 

S 

0.700 

aS72 

S4.S0 


0.875 

66.02 

0.4/3 

0 

0.850 

p.4S7 

38.80 


I.06Z 

52.75 

0.492 

7 

O.BSO 

0.346 

25.50 


/.//3 

39.94 

0.503 

8 

0750 

0.253 

15.00 


0938 

26.89 

0.4/8 

9 

O.SOO 

0.154 

7.75 \ 


o.ezs 

15.47 

0.27/ 

10 

0.245 

a058 

2.50 


0.306 

669 

0.043 

It 

0.060 

O.Qf2 

1.25 


0.075 

f.39 

0.002 

JZ 

0.000 

aooo 

0.00 


0.000 

0.00 

0.000 


X - ^/fS.42 (.+)= Tznsfon 

- K2S Compress /b/7 

eosf = 0.993 S~(Z*‘Xgxosf'^Yx --fb) 

^ ^ 2€.2 * 


Table 5. — Influence Line Data for Member L2-L3. 


Load 

poini" 

X 

Y 

z 

a 


Yx 

6 

1 

0.000 

/.OOO 

740.42 

50.0 

0.00 

90.42 

0.000 

2 

0.055 

0.838 

1/6.20 

25.0 

0.42 

75 . 77 

40.623 

5 

0.230 

0.738 

94.00 


7.76 

6673 

41.059 

4 

0.470 

0.666 

73.00 


3.60 

60.22 

/■0.38I 

5 

0.700 

0512 

54.50 


5.37 

5/. 72 

-0.107 

6 

0.850 

0457 

38.80 


6.52 

41.32 

-0.375 

7 

0.890 

0.546 \ 

25.50 


6.83 

37.29 

-0.524 

8 

0.750 

0233 

75 00- 


575 

21.07 

-0.490 

9 

0500 \ 

0.154 

7.75 


3.84 

/2J2 

-^0.347 

10 

0245 

0.058 

2.50 


1.88 

5.24 

-0.192 

// 

aooo 

a 0/2 

125 


0.46 

1.08 

--0.072 

/2 

0.0<X> 

aooo 

aoo 


0.00 

0.00 

0.000 


X = -30.42 
+ 7.SB 
/>=* LOO 
a>sp^0t$39 
p 24.1 


{¥) -Tension 
(-) Compression 

S=p(2-'Ayj:osf-Yx -Pa} 






U1~U2 

00645! 

-1.141 

-1-4.11 

-0.0341 

00736 0. 0265 


.000220 

U2-UZ 

00642 

-0.824 

-1-3.82 

-0.0400 

00529 0. 0245 


.000257 

VZ-U4: 

00625 

-0.522 

-1-3. 15 

-0.0435 

00326 0.0197 


.000272 

1/4- C/5 

00613 

-0.273 

-1-2.31 

-0.0459, 

00167 0.0142 


.000281 

C/5- C/6 

00604 

-0.106 

-1-1.34 

-0.0481 

000641 0081 


. 000290 

C/6- C/7 

00601 

-0.033 

-1-0.14 

-0.0493 

00020 0009 


.000296 

C/7-C/8 

00601 

-0.087 

-1.09 

-0.0493 

00052 

0.0065 

. 000296 

uz-m 

00604 

-0.268 

-2.32 

-0.0493 

00162 

0.0140 

. 000298 

C/9- C/10 

00613 

-0.509 

-3.19 

-0.0459 

OO 312 I 

0.0196 

. 000281 

C/10- C/ll 

0 00625 

-0.839 

-3.98 

-0.0435 

005241 

0.0249 

. 000272 

C/ll- C/ 12 ! 

0 00625 

-0.132 

-4.38 

-0.0380 

00708 

0.0274 

.000238 

LO-Ll 

006251 

-1-0.279 

-4.52 

-1-0.0322 0.00174 


0.0282 0.000201 


L1-L2 

00689 

-f 0.048 

-4.41 

-1-0.0382 0.00033 


0.0304 0.000263 


L2-LZ 

00604 

-0.319 

-3.75 

-1-0.0415 

, 00192 

0.0227 0.000251 


L3-L4 

00551 

-0.624 

-2.89 

•+•0.0442 

.00344 

0.0160 0.000244 


JA-L5 

00552 

-0.834 

-1.88 

-1-0.0465 

00460 

0.0104 0.000257 


L5-L6 

00604 

-0.954 

-0.74 

-1-0.0481 

00576 

,0.0045 0.000290 


L6-L7 

00600 

-0.955 

-1-0.47 

-1-0.0485| 

00573 0 0028 

I 0000291 


L7-L8 

00604 

-0.851 

-1-1.66 

-1-0.0481 

00514 0 0100 

0 000291 


LZ-LQ 

00552 

-0.634 

-1-2.. 77 

-1-0.0465| 

00350 0 0153 

1 0 000257 


L9-L10 

00551 

-0.339 

-1-3.74 

-1-0.04421 

00187 0 0206 

0 000244 


LlO-Lll 

00614 

-1-0.038 

-1-4.47 

-1-0.040810.00023 

0 0275 

0 000250 


Z/11-L12 

00357 

-1-0.314 

-1-4.64 

-1-0.0345 0.00112! 

0 0166 

1 000123 


s(+) ... 




0.00342 

0.1867 

1 0.002962 


SC—) . , . 





0.06796 

0.2046 

0.003001 

s 

Net total 




0.06454 

0 . 0179 : 0 . 000039, 



For a uniform rise in temperature of 40° F. the values of the 
numerators for the above equations have been computed and tabulated 
in Table 6 as follows: 

-0.06454 

— 0.06454 (cos <j>) = —0.06448 
-0.0179 
-0.000039 
(approx.) 0.999 

In Table 3 the values 2(?, 7^Gx^, TiGy^, etc. were computed using the 
value E = 29. This assumption made no difference in the values of the- 
redundants due to gravity loadings inasmuch as the term E occurred in 
both numerator and denominator of the expressions for the redundant 
forces (see Bqs. (74) to (76) inclusive). For temperature stresses, on the 
other hand, the term E occurs only in the denominator (see Eqs. (77) to 
(79), inclusive). 
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The true value of E is generally taken as 29,000,000 lb. per sq. in. or 
(29,000,000) (144) lb. per sq. ft. 

The values in Table 3 must therefore be divided by 144,000,000 
for use in the above formulas. 

Using these values we therefore write 

_ [- (-0.06448)(144,000,00 0)-| ^ 375 qqq 

" L (0.999)=*(24.83) J 

_ r (-0.0179)(144,000,OQO_) l ^ 4 30 ^ 
t — I 599.47 j 

_ r (-0.00(1038)(144, 000, 000) 1 . 4o_ou0 rt,-lb. 

* “ L 1.2043 J 



Influence Line forSfresamL^’UII 

Analysis of Joint L2 


Methoef web ifress influence tines 

from fhose for tower chord members. 

Janf LS is analyzed for each postf ton of the 
umf toad, thus determining the stress in 
L2‘U2 and LS- US for such toadmy. 


Influence Line for Strew In L2'U3 


Fig. 24. 


Fi«. 25. 


The redundant moment Zt due to a uniform change in internal tern- 
perature is practically negligible. In fact this moment would bo exactly 
zero if the top and bottom arch chords were of exactly the same length, 
since in this case there would be no angular distortion resulting from 
expansion or contraction of the frame. 

We may therefore neglect the term h in calculating the temperature 
stress in any frame member. 

With the temperature redundants determined as above, the stress 
in any frame member is obviously given by the formula 

& = Slot + XiBx + YtSj, + ZtSj, 

or 

XtSx + YtSy + ZtSg 
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since Sot (the temperature stress in any meml>er of the statically 
determinate residual cantilever) will always be zero. 

In the above 


Also 

Whence 


Zt may be taken as zero without material error. 




— y cos <l> , X 
and - - 


P ■ P 

Si = i — Xty cos <#> 4- Ya) p 


For example the temperature stress in chord member L2-L3 is 
-375,000 lb. (7.68 in.)(0.999) +4,300 Ib. (-90.42 in.) 

24.1 ft. 


= -135,5001b. 


Note that this is a compressive stress in the lower chord. For a drop 
in temperature the signs of ctl in Table 6 would be reversed and the 
redundants would all have reversed directions. The above stress St 
would then become + 135,500 lb. or a tension in the lower chord member 
X2-L3. 

In the above manner the temperature stresses in each member of the 
frame may be readily calculated. 

Operation No. 11 — Stresses Due to a Variable Temperature Change . — 
It is sometimes desirable to know the stresses which would result from a 
non-uniform change in temperature throughout the various members of 
the frame. For example it is quite probable that during the hottest 
summer weather the upper chord members assume a temperature con- 
siderably higher than those of that portion of the lower chord which is 
more or less shaded by the deck. 

These stresses for any given or desired assumption as to temperature 
distribution may be calculated exactly as has been done above for the 
uniform temperature change by varying the value of t in column two of 
Table 6 in accordance with the assumed facts. 

In this case it is well to observe that the term Zt is no longer negligible. 

14. Symmetrical Spans, — For symmetrical spans the elastic center 
will obviously lie on a vertical through the center of the span and may 
therefore be completely located by applying the elastic load system 
horizontally thus locating the vertical position of said elastic center. 

For coordinates measured from the true elastic center as above 
determined, the terms y and x of Eq. (73) both vanish and thus equation 
may be written 

tan 4> - 

Since the span is symmetrical, for every value of y" there €tte two equal and 
opposite values of x', therefore the term ZGxY' ^ mn^kes and we have 

tan = 0 
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For symmetrical spans, therefore, the two re«Uit»huits are 
jugated” when they are at right angles to each otht'r, one Ijoriasontal anti 
one vertical. 

The above represents the only dilTerenee in proetnluro, in all other 
respects the analysis of symmetrical arch frames will he as liertniialKive 
described for unsymmetrical spans. 

Temperature Effects. — If the span is syminetrit^al, the term i i 
becomes zero. That this is true may 1 m> stH>n frtnn tlie fttllowing: 

For every positive value of x thertt is a curresiKtntiing panel point 
having an equal negative value, therefore 

'^s^ctl “ ** 

and 

r< =0 

The temperature stress in any member may then Ih* t*sprei«eU (im'K- 
lecting the term Zt as liefort') 

.W, = .Y,«. 

The above holds true for uniform temj«*rature elTects tmly. That it 
cannot hold for variable ttmipcniture cfTects is, t»f course, self-evitlent. 

DEVELOPMENT OF GENERAL ELASTIC EQUATIONS FOR RIB ARCHES 

16. Development of Formulas. — Let Fig. 26 represent any fixed arcl« 
rib at rest and in equilibrium under the action of any system of exU’rnnt 
loads SF and the rigid anchorage atcach abutment. If tlie two ahutjuents 
were to be removed, it is clearly seen that the action of tiacli abutmettt 
could be exactly reproduced by the introduction at each supfxjrt of a 
moment couple M, an axial thrust N, and a tangential or shearing force 
V (Fig. 266). It is also apparent that, if the value of these six ford's nntler 
any given load condition, can be dotermintjd, the stress in the rib at any 
point may very easily be found. 

There are three fundamental static etpiations of dptilibrium whicli 
may be written for any structure, as follows: 

2 (Horizontal forces, or components) -> 0 
2(Vertical forces, or components) *■ 0 
2 (Moments about any point) •• 0 

These three equations, therefore, suffice for the <letermination of three of 
the six above unknown reaction components, leaving three others which 
must be determined. 

If, therefore, either support (say the left support) be removed and the 
three forces N, F, and ]\f, be inserted to reproduce the action of this same 
support as shown in Fig. 27o, the problem at once resolves itself into that 
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of evaluating these three unknown forces. Once these are determined, 
the other three reaction components and the stress in the rib at any point 
are easily determined from the above static equations. 

Carrying the reasoning a step further, let us replace the three forces 
i\r, F, and M, by a rigid bracket or arm fastened to the rib at the left 
support and terminating at some point 0. At the end of this bracket let 
us apply three new unknown forces as shown in Fig. 276, as follows: 

X = the unknown lateral component at point 0. 

Y = the unknown vertical component at point 0. 

Z = the unknown moment couple at point 0. 



Fig. 26. 27. 


It is apparent that these forces may be given a value such that they 
will exactly reproduce the action of the forces N, V, and M, at the left 
abutment and will consequently hold the structure in equilibrium. 

It is also apparent that, if these three new unknown forces can be 
determined, the original reaction components N,V, and M, can easily be 
obtained and consequently the other reaction components (and the rib 
stresses as well) may be readily evaluated from statics. 

This last step (the employment of the rigid bracket idea) simply 
replaces three unknown forces applied at the left abutment with three 
other unknowns applied at point 0. This may seem entirely unneces- 
sary. However, such is not the case, for by properly choosing the loca- 
tion for point 0, the terminal point of the rigid bracket, the equations 
involving the unknowns X, Y and Z (to be derived hereinafter) become 
very greatly simplified. 
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If the three forces Xj Y and Z were to be entirely removed, the result- 
ing structure would become a cantilever. In any statically indeterminate 
structure there are always one or more unknown forces or reaction com- 
ponents which may be removed to produce a statically determinate struc- 
ture (see p. 408). The structure resulting from the removal of these 
forces is generally termed the ^'residual frame” and the forces themselves 

are termed ^^redundants.” In 
this case X, Y, and Z are the 
'^redundants” and the '' residual 
frame” is a cantilever (compare 
with Art. 6, p. 409). 

Consider the residual frame (a 
cantilever rib) shown in Fig. 28 
under the action of any given 
system of external loading, together 
with the resultant redundant forces 
X, Y and Z, Under the action of 
these loads the terminal point 0 of 
the rigid bracket undergoes certain elastic displacements both angular 
and linear as shown. 

Let 

Ay = the displacement of point 0 along the line of action of the 
redundant F. 

A* == the displacement of point 0 along the line of action of the 
redundant X. 

Az = the angular displacement of the bracket in the direction 
chosen for the redundant Z. 



Referring back to Art. 4, p. 408, we find these displacements to be given 
by the following expressions (neglecting the effect of shearing distortions, 
see Eq. (39)) : 


A* + Afar + At^z - 2r*A, 


S Nuxds . 


+^nxCtds -b 


Ay -f- Aty + Atfy XVyAr 



^N7iyds 

^ AE 




(97) 


Ajs + A^« “h At>z 


\myCt'ds 
^ k 


Nrizds , ^Mnizds 




El 


'^niCtds + 


•^mzct'ds 


(98) 


( 99 ) 
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the above equations the various terms have the following significance : 

Ax = the displacement as previously defined caused 
by the load system XF applied as shown, in com- 
bination with the unknown forces X, F, and Z 
. resulting therefrom. This displacement is mea- 
sured along the line of action of the redundant X. 
Ay and A^ = similar displacements due to the same loading, 
but measured along the line of action of the 
redundants F and Z (A^ is therefore an angular 
displacement). 

Afx, Afy and A/^ = displacements measured as above caused by 
a uniform change in temperature of f. 

Ary and A^/* “ similar displacements caused by a variable 
change in temperature of between the upper 
and lower fibers of the rib. 
le terms rx, Vy, r*, SrxA^, 

SryAr, etc. = as defined in Art. 2, p. 400. 

Mo = the moment on the residual cantilever at any point 
due solely to the load system SF. 
nix = the moment at any point on the residual cantilever 
due solely to a unit load applied at 0 and acting along 
the line of action of the redundant X. 
viy = the moment at any point on the residual cantilever 
due solely to a unit load as above but acting along 
the line of action of the redundant F. 
rriz = the moment at any point on the residual cantilever 
due solely to a unit moment couple applied at point 0 
and acting in the direction assumed for the redun- 
dant Z. 

>, nx, riy, Uz, etc. are defined as above but refer to axial thrusts in 
of moments. 

Ej J, ctlj Aj i', and h as previously defined (Arts. 3 and 4, pp. 402 
06). 

)w it is observed that the unknown redundants X, F and Z applied 
ompletely replace and reproduce the action of the left arch abut- 
For any point therefore: 
stress 

displacement given arch rib due to any given loading 

deflection 

stress 


, ^ reaction 

ays equal to the corresponding 

deflection 


the 


residual 
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cantilever due to this same loading plus the effect of the redundant forces 
X, F, and Z caused by such loading (compare with Art. 7, p. 410). 

If therefore: 

M = the bending moment at any point in the arch rib due to any 
given loading. 

Mo = the bending moment at the same point in the residual 
cantilever due to this same loading. 

Then: 

M + + 

= Mo 4* XtyIx + Yrriy + Zm^ (100) 

In a similar manner 

N — No + Xux -f* Fwy + Ztit (101) 

We may now write Eqs. (97) to (99) as follows: 


A I A f A v* A ofigdiS I ''s^M 

A* + Atx + At>x - ZTxAr = 2 / + 2^ -YI ■ 

^V^Crixyds , ^(mxYdsl , ^^f^UxU^ds 


^(nxYds j ^(rrixyds 

^ AE El 


;] + y[S 


^m.xm^ds'] 


„ r-s^n^nds . 


A f A I A A f^yds I pTHydS 

A, + A„ + - SrA = 1/-^ + A-#- 


x[xi 


?] + y[2 


AE 

"LriyClds + 2)“^ 


2 ■^ myWizd s'l 

L ^ A E ^ El 

A. + A„ + A,.. - Sr. A, = 2,-^ + X~W~ + 

AE ^ El .1 
^ r ^(n*)^ ^ y im^yi 
AE ^ El 


El . 
mM'ds 


UxTizds , ^nixmzds'l , f ^UzUyds , ^m/m^ds'] 

~te^ + J + ^ l^'~AE~ + 

rr[^0^»yds , r VI I ^rrizcfds 

^ lS w + A-w-l + 2”^^+ X-r- 


These are the general elastic equations applicable to the analysis of any 
fixed rib arch and correspond in general to Eqs. (43), (44) and (45) written 
for fixed framed arches. 

rr»i X Uxds UxUj^is (?ly)^wfs 1 . f 

1 ne terms j > '~aE relatively very small, represent- 

ing the distortions due to unit axial stresses. Except for very flat arches, 
these terms may be disregarded without material error. This wiU be 
done hereinafter except in considering the effect of axial stress or “rib 
shortening’^ as discussed later on. 

Case I— Rigid Supports— Temperature Effects Neglected— If the 
supports are rigid and inelastic, the above equations may be very much 
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simplified, inasmuch as the entire left-hand member of each equation 
becomes zero for such a condition. 

Ignoring temperature effects, and disregarding the terms 

AE 

71 71 (18 

. above set forth, these equations may be written as follows: 


yy 
Ei 


^ ^ " El ^ ^ 

^ ^ El ^ ^ EI 


+ ZX—M~ = - A 


Tflx^^ydS , -yA ^ ^ '^^TTlylTltds 


+ zX- 


NcUxds 

AE 

S Mcin^ds 

EI 

Non^ds 


^ -^nxm^s Y +2"^ 


EI 2 aE 

•XT 

EI ^ ““X 


S M^niyds 
EI 

NoTitds _ 

Ai? 

^Mom,ds 


EI 


(105) 


(106) 


(107) 


Case II — Effect of a Uniform Change in Temperature (Rigid Sup- 
ports ). — The clastic equations for this condition may be readily written 
from 10<is. (102) to (104) inclusive by placing the left-hand member of 
each equation ccjual to zero, as in Case I, and also placing the terms 
Mo, No and t' each equal to zero, whence we write (ignoring the terms 

fl'S set forth above) : 

s(»t*)*ds , xr yr-^rnyMyds 

EI 




I tr ^^rrixffOyUS , ry ‘^'^xi^xPS 

•+ ^A EI + 


^ EI ^ EI ^ 


<,(niy)^ds 


EI 

mym,ds 

l!I 


= — 'ZiUxCtde 


= — hnyctds 


(108) 

(109) 

( 110 ) 


X + X X T + ^ t—ir - - 

Case III — Effect of a Variable Change in Temperature . — In a manner 
exactly analogous to the above these equations become: 

V y^(mx)^ds , ^ y^m^myds , „ 'SmxCt'ds 

^X M ■ + ^X EI A 

^ ^mxmyds _j_ ^ .^(my)^ds 




El 

m,myds 

sr ' 


^ ^ -j- Z 


h 

h 

'ZmtCt'ds 


EI 


h 


( 111 ) 

( 112 ) 

(113) 


, , , mxct'ds, MyCt'ds, . „ „• 

The individual terms n*c<ds, nyCtds, — ^ — ' etc. carry posi- 


tive signs when the distortions due to the unit thrusts and moments Wx, 
w», mx, mv, etc., are in the same direction as those produced by the 
temperature change, and Mce versa. 
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DEVELOPMENT OF ELASTIC INFLUENCE LINES FOR RIB ARCHES 

16. Development of Formulas. ( ’uitfsuh'r tin* tixcd arch rilt hIkiwu in 
Fig. 29, which, in order to niak<' the itrohlem eiitindy goiicrHl, fuin hern 
taken L unsyinmetrical. Thrusigh tlic tcnniiiiil f'diit (i of the »»wu»n*d 
rigid bracket, construct two coorilinsits’ ii.kch ns iolhiws: 

F-F vertical 

X-X acting along the line of action n.ssum<ul for the redundiiiit .V 
and thus making some angle 4> (as y<'t unknown) witli the liorirontal. 

Let us measure the ah-seissas (r) horiwaitully, (nilling the signs {sisitive 

to tlie riglit of the Y-Y axis, and 
let us measure tlie K ordinates 
vertically, culling the signs 
IHtsitive above tlie A'-.Y axis, 
,'\ssume the three rtHlundnnt 
forces to act as shown in Fig. 
29. (These re-dundants may la* 
arbitrarily aasumed to act in 
either direction. If the true direction is o|i)K>site t<i that assunnul, tlie 
signs will simply come out negative.) 

Moments causing compressive Htresws in tlie u|)(K'rfilH<rof the residual 
cantilever will lie assumed as iHwitive, and conversely. 

From inspection of thi* figuri* 





nij 

~y cos ^ 

(114) 

nti, 

X 

(11.5) 

ffh 

l.O 

(ll«) 


Divide the arch ring into small eijual segnientH, as shown in Fig. .10, 

iii (Hh (in 

and compute for each segment the term y « ^ , where ds is tlm 

length of the segment and I is the moment of inertia of the rib at the 

da 

center of said segment. The term ^ ia sometimes called the "elastic 

weight” of each voussoir or arch block and will Imreinafter Is* designaU-d 
by the term G. 

We may now write Eqs. (10.5) to (107) inclusive (after multiplying 
them by the term E) as follows: 

X CO.S - Y cos <t>zaxu - Z cos 5)% - - i 


-X cos 4>-ZQxy + F2(;** + Z2:0'x 
-X COS 4> 20y + FSf/a: + ZSd 


cos ^ S Mjly 

< A 


iSf Jix 


X 


NtHidn 

A 


(117) 

(UK) 

(119) 


XMJl 
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Now if the terms G == y are considered as weights applied at the 

center of each vouss^.ur or arch block, and the terminal point 0 made 
coincident with the center of gravity of such elastic’^ system, we observe 
at once that 

= 0 
2GV = 0 


Proceeding a step further it is also observed that the angle 4> may be so 
taken as to make the term EGxy cos <j> vanish also. This last procedure 
is as follows: 

Through the origin 0 construct a temporary horizontal axis H-H and 
let y" represent the vertical ordinate to the center of each ds segment 
scaled from such axis. 


Then / 2/ = 2 /" - ^ tan ^ (120) 

1 llGxy = l^Gxy" - 2Gx^ tan <t> (121) 


Placing this last expression equal to zero and solving for the angle ^ 
we have 


= tan“^ 


2Gxy" 

2Gx^ 


( 122 ) 


from which equation the value of <t> may be readily determined. 

Two axes X-^X and F-F, so located that XGxy vanishes, are termed 
^^conjugate^' axes and the operation above described is termed ''conjugat- 
ing the redundants.'’ 

Applying the redundants X and F along the conjugate axes above 
determined and locating the terminal point 0 at the center of gravity of 
the "elastic load system,” which point will be hereinafter termed the 
^‘elastic center,” we may write Eqs. (117), (118) and (119) as follows: 


0nxds ^ It jr 

cos 4> ^MoGy 


X = -\ 

a- 

cos hGy^ 

(123) 


+ llMjGx 


Y = - 

HGx 

(124) 


+ JiMjQ 


Z = - 

SG 

(125) 


The first term in the numerator of each of the above expressions 
represents the efEect of the axial thrust and may be disposed of in the same 
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manner as is done with uniform temperature effects . N eglecting this term 
for the present, therefore, the above expressions may be written 

y. ^MoGy 

^-cos<>W ^ ^ 

^ 

Z = - (128) 

SCr 

By means of the above equations the values of the redundant forces 
. X, Y, and Z may be evaluated 

s^nfttoad ^ for any given condition of loading. 

^ observed, however, that 

this method necessitates the 
solution of each equation for 

• #// Jill *11 * * i* T 

every possible position of the 
dead and live loads and is there- 

f^ee^ ^ k’ —><'/» -> fore somewhat lengthy. A much 

easier and simpler method is to 
assume a unit load at any given 
^ point, compute the value of the 

^ term Mo for such load and solve 

Fjq, 30 . for the redundants X, F, and Z 

induced by such unit load. Then 
by moving this unit load across the span, values of the redundants may 
be obtained for each position of the unit load and an influence line 
constructed for each of the redundant forces. 

Placing a unit load at any point g (see Fig. 30) we may at once write 
Mo = — 0(for any point between a and g) 

Mo = — A:(for any point between g and t) 

^MoG = 2^(0) + X'G(-k) = -X (129) 

Whence Eqs. (126) to (128) inclusive above, become 


^PtMnfa 
Free end 


h^H — kio 'H 


<• >1 

< ’-'kto - 

Fig. 30. 


cos <l)2Gy’‘ 

? 

SGx* 

X[kG 


(The minus sign is used before the term k because it represents a moment 
which causes tension in the upper fibers of the residual cantilever.) 



Sec. 9-17] 


ANALYSIS OF FIXED ARCHES 


449 


Placing a unit load at any other point m and proceeding in an exactly 
similar manner we find 

( 133 ) 


= 


Zm — 


COS <l>ljGy^ 

2* ^ 

S(? 


( 134 ) 

( 135 ) 


By means of the above equations it is possible to plot an influence line 
for the redundant reaction components X, F, and Z for any arch ring 
having rigid supports. With these influence lines plotted, the value of 
the redundants can be easily determined for any given set of load condi- 
tions and from these the stress in the rib at anv point may be easily 
computed. 

17, Graphical Solution for Redundant Influence Diagrams. — The 
foregoing method of calculating the influence line ordinates for the redun- 
dants X, F, and Z involves the summation of the terms given in the 
numerator once for every position of the moving unit load and is therefore 
somewhat laborious. An easier and more rapid method may be developed 
graphically as follows: 

Consider the given arch rib as a cantilever fixed at the left support and 
free at the right support (note that this is the reverse of the condition 
under which the redundants X, F, and Z were first developed). Load 

ds 

each ds segment at its center with the corresponding elastic load (? = y * 

With pole distance ZG construct a ray diagram for these loads and an 
equilibrium polygon (polygon A, Fig. 31). The intercept on this polygon 
by a vertical through any point (as point g) is obviously measured by the 
term 

S t 

kG 

-^rrr- = Z, (136) 


Polygon A is therefore the influence line for the redundant Z, 

Now load the rib with the load system Gy and construct an equilib- 
rium polygon (polygon B, Fig. 31) with pole distance ZGy^ cos The 
intercept on this polygon by a vertical through any point (as point g) is 
obviously measured by the term 


^9 

S Gy^ cos <t> 




Polygon B is therefore the influence diagram for the redundant X, 


( 137 ) 
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cations for Eqs. (108), (109), and (110) (see Case II, p. 445) may be 
written : 


Also from Fig. 32 : 


^ El 

S m^wiyds 

S m^rrizds 
El 


^ El 

^wiyrrizds 


Uy 

riz 



(138) 

- cos <i> / _ ^ V ^ 

■ i^Gxy) = 0 

(139) 

— COS <b s 

= (S(?2/) = 0 

(140) 


(141) 

= i(S(?a:) = 0 

(142) 

- 1 

(143) 

= cos 6 

(144) 

= sin (& + <f>) 

(145) 

= 0 

(146) 



The axial fiber distortion caused by the loading X = unity acting as 
asBumcHi is a compression or shortening of the rib. Therefore, the indi- 
vidual products cos Odds will be 'positive for a temperature drop and 
negatiim for a temperature rise. The sign before the individual products 
sin {0 + <l>)dds will obviously be positive for a temperature drop when 
{$ + <l>) is positive and negative when is negative. 
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Applying these formulas 



_ ’-EX ± cos Odds 

(147) 


* cos <j>’‘2Gy^ 

Similarly 

y —E'S± sin (0 + <l>)ctds 

“ S(?a;2 

(148) 


Zt = 0 

(149) 

From Fig. 33 

Scos 6ds = L' 

(150) 


2sin(d + <t>)ds = L" 

(151) 

Whence 

1 r T 

‘ “■ Lcos <t)^'2Gy^] 

(152) 


rEctU'i 

~ -Lsgx^J 

(153) 


X 

I 

I 

Telcos 0 




Fig. 33. 


Obviously the plus signs are to be used for a temperature rise and 
the minus signs for a temperature drop. 

19. Stresses Due to a Variable Temperature Change. — Using the 
simplification identities listed in Art. 18, above Eqs. (Ill), (112), and 
(113) of Case III, p. 445, may be written 


, \- ct'E'Lyds/h '\ 
- Lcos cl> 


(154) 


■cr _ I [cVE'Lxds/k] 
Y,= +[— 


(165) 



These equations express the values of the redundants due to a differ- 
ence in temperature between the upper and lower fibers of the arch rib. 
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When the upper fibers are at a higher temperature, the distortion of the 
residual cantilever will obviously be in the same direction as that induced 
by a vertical loading. Hence the redundant forces will act in the same 
direction as for vertical loading. When the upper fibers are at a lower 
temperature than that of the lower fibers, the reverse is tiue. 

20. Stresses Due to Rib Shortening or Axial Thrust. — ^In Art. 16, p. 

.i..r X rixU^ds , 

445, the terms ~ AE ' dropped from the elastic equations 

(see Eqs. (105) to (107) inclusive) . While this is perfectly permissible when 
considering the effect of gravity loadings and of temperature, it involves 
large errors when considering the effect of axial distortions. We must 
therefore develop the expressions for the redundants due to axial thrust 
directly from Eqs. (102) to (104) inclusive. 

With the terminal point of the rigid bracket system located at the 
clastic center and with the redundant axes properly “conjugated” 


S 

X 


nixm^ds 

El 


mxmxds 

El 


= 0 


myinds 

^~m 


For rigid supports, and neglecting all temperature terms and terms 
involving the moments Mo (since the effect of the thrusts N alone is now 
desired), we may write Eq. (102) as follows: 


r v-o(Wi)’*ds , ■^-s:\{nxyds , , 

ae ae 


{nx^ds 


S NoHxds 

^AE~ 

zX”ir] - -[^X— #■ +X(^»- + J'”. + ^"•)(5¥)] 

— X (Wo -f" Xtix 


X = 


.X + Yny + Zn.) 


\{mx)^ds 

r m 


(157) 


(158) 


But from Eq. (101) 
Whence 


No + Xnx + Yny + Zux 


Xt, = 

In a similar manner 


rx^NUxdS 

A E 

cos 4>^'LQy^ 


N 


Zn «= 


E^- 


Nnyds 

AE 


Nn,ds 




AE 


S(? 


= 0 (since n, — 0) 


(159) 

(160) 


(161) 

(162) 
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It will be noted tliat these equations are iti exactly tfie same btrm ns 
those representing the effect of a uniform change in tempernture if vve 
N 

substitute ^ for Kd. In other wonls, the stn'sses due to the effect of 

the axial thrust arc c(iual to thost* prixluced by a temperature drop of 
degrees where 

t' (Km) 

A he 

In this manner the axial effects may lie regardeil in the ligld of an 
“equivalent temperature dro{)” and solvtal from the temperature stressi-s 
by direct proportion. Tln'se streases are gmu'rally designated by the 
term “rib shortening” stresses. 

21. Symmetrical Arch Ribs.- If the arch rib is.symmetri<'ai about the 
center lino of the span, it is olivious that the "«*lnstie center" will fall on 
a vertical through this center line, it i.s only necess.sary therefore to 



locate the vortical position of the elastic center on this center line, wliieh 
may bo done by applying the elastic weights horiwuitiiUy us discuswd in 
the next chapter. 

Consider the symmetrical arch span shown in Fig. .'FI, with the elastie 
center 0 determined as above. Through this elastie renter eonstruel I he 
vortical redundant axis Y-Y and a lemfxjrary Imrizontnl axis 

The true conjugate axis X-X (from I-kp (122)) makes some angle </. 
with the axis X"~X" such that 

But, since the arch is symmetrical, 26%“ must equal ien>. whem-e tun^ 
« 0, -x 0, and the axes X"-X" and X-X coincide. Fcir 
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arch ribs, therefore, the conjugate axes are at right angles, which simpli- 
fies the equations for determination of the redundants. 

We may therefore rewrite the redundant equations in the foregoing 
articles to apply to symmetrical arches as follows: 

Case I — Unit Load at Any Point g (see Eqs. (130) to (132) inclusive). 


X. = 


i'. = 


Z. = 


SjfcG 

S(? 


(165) 

(166) 


(167) 


Case II — Uniform Change in Temperature. — (Note that for a sym- 


metrical rib U = L and L" = 0.) 


,vEctL-\ 

- l^GyU 

(168) 

Yt and Zt = 0 

(169) 

Case III — Effect of Variable Temperature Change. 


„ , Vet'E 2yds/hi. 

= ±[ 2GV " J 

(170) 

, I ct'EY^xds/h"] 

7. = ±L 

(171) 

_ , rct'Elids/h^ 

(172) 


COMPLETE ANALYSIS OF A SSO-FT. FIXED STEEL ARCH RIB 

The calculations given below arc taken from the preliminary anal- 
ysis of the 350-ft. encased steel arch rib designed to span the Willamette 
River at Oregon City, Ore., this structure being now under construction 
under the writer’s supervision. 

Figure 35 indicates the general dimensions and make-up of the struc- 
tural ribs as first assumed, the span being a “half through” type con- 
sisting of two box girder arch ribs of 350-ft. center line span and 100-ft. 
rise. The structure is encased in concrete and supports a reinforced 
concrete deck carrying a 20-ft. roadway and two 5-ft. sidewalks. The 
arch rib is fixed at the skowbacks and sprung from solid basalt cliffs. 

The analysis considcTS only the structural steel rib, the concrete 
encasement being considered merely as a protective covering. The 
procedure is as follows; 

OPERATION I 

The arch rib was first sketched in with roughly assumed dimensions, 
the dead loads at each panel point were calculated and an equilibrium 
polygon for such loading passed through the center line at crown and at 
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Influence Lines for Moment and Thrust 
iPio. 30j4.. 


CcaTK .‘Doets ^ Sfasfv: jxkh O 
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OPERATION Vn 

The dead and live load panel point concentrations are next computed. 
The detail calculations for dead loadings are not given here the results 
being shown in Fig. 37. For live loads the panel point concentrations 
are readily computed as follows: 

For the truck in the position shown the concentrations are: 18,800 lb. 
at A, 38,400 lb. at B, 18,800 lb. at C, and 20,000 lb. at D. In addition 









Fig. 36 B. 


to this live loading the concentrations from live load on the adewriks 
amounts to 10,800 lb. per panel for panels No. 3 to No. 13 inclusive. For 
the other panels the sidewalk is not so wide and the live loading amounts 
to but 6,000 lb. per panel. 

OPERATION Vin 

Having the Hve and dead load concentrations computed, the same are 
now applied to the influence diagram and the resultmg moments and 
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thrusts calculated therefrom. With these moments and thrusts tlio 
stresses in the material are calculated by the ordinary formulas. The 
detail work for this last operation is given in Tables 20 to 28 inclusive. 
This completes the principal features of the preliminary analysis. It will 
be noted that the stresses at every point except the skewback are within 
the usual allowable limits indicating that the skewback section should 
be increased for the final analysis. 





UUMOIkp^rtin 

^ M V 







© 


© 

L>ve Lood 

Fia. 37. 

OPERATION IX 


© 


The only other stresses remaining to be determined are the “rib 
shortening” stresses and those resulting from a variable change in internal 
temperature. The former stresses are obtained from the temperature 
stresses simply by direct proportion as was discussed in the preceding 
chapter. The effect of a variable temperature change may be determined 

discussed in Art. 21, p. 464 (m^ 
Eqs (170) to (172) inclusive). Neither of these conditions was oonsidermJ 
design hereinabove described. The method of obtain- 
ngthem for the final analysis having been explained in a former chapter, 
IS not given here. * 

In addition to the above stresses, there will, of course, be certain wind 
stresses in the rib, but these, being calculated by the ordinary static 
formulas, need not be discussed in this connection. 7 
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Table 7. — Calculations for Moment of Inertia op Rib Section 



Section 

Depth "d" 
b;b.fl.ls 

Make up 

U omen! of inerhoi 

TBiqi. inches) 

/ 

/29 " 

iveb 9pys V2"x 

/2& 3 ^ /P - =r ns 800 

(7tS)(63.3A200 = .f'XOOa 

2 

124" 

WeT^BP/s /i*V ^ 

J24'3 ^ /2 ^ = /S-8300 

773 4r GO.pP-hPQO 7=7^88400 
447300 

3 

I! 9^ 

^ 1 4CdjA. P/s /4''x'%“' 

//3^ -f , = /40400 

(77.S)(S8.3)P200 = 26SfOO 
4exssiDO 

4 

/14" 

Web ^P/s //V/AJ"' 

"■’j'ligsiifi- 

//4^4 /Z _ =/234ao 

(V.9)(SS.8)‘/-Z00 = 14^600 
‘ ^ jesooo 

S 

103" 

mb 2P/S '/p;;xfos^ 

F/anae {3/s 

U Coe. P/s /4"xS^'' 

(77.3){S3A/^200^:^^^ 

6 

ids’' 

Web ,iP‘s '/i“f i<^" 

/OS^'i-JP'- = 36400 

C77.Q}(S/A)^i-20O °|g^g-g 

7 

10!" 

IWeh 2 P/s '/z^x /op' „ 
F/onse{8 IS 6 -V e "x ,, 

Ucoe P/s /4 "x^6" 

/0/3F/Z ^ = 33300 

(77.9)f49.3)^'/‘200 ^Jm£20 
Z7S400 

8 

97" 

V/eh 2 p/s '/z"xS77 

\4 Cox. P/s /g^x^" 

97 ^ ^/2 * 7GOOO 

(77.9)(473)^F200 ^ /74800 

(2/.oX42.rP 

9 

93" 

Web 2 P/s yp'x 

r, (3/s. C-’X6^X'%" 

F/en 3 ^\ 4Cox. P/s 

^4.Cox,P/s /4^xW' 

f77.3)(!iF.3)^-PZ00 /^siooo 
(2/.0X47./X 

10 

90" 

Web 2 P/s Yz" X sop 

^f^/s U4ye" 

_ i_4Coe. P/s /4-x^g" ... 

3034-/2 - . ^ GO 800 
(77, 9) C43. 8)^4200 - 149800 
(2r.0)(4S.Sj2 =i^ig- 

// 

87" 

Web 2 /% '/ 2 "x 87' , 
n -^\ 8 ls S~x 6 'xWe 
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Tablk 9. — Calculations for Factors Evaluating Redundants 
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Table 10. — ^Valltes of Influence Line Okdinates (Scaled from Fig. 36) 
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Table 13 — Influence Line Ordinates for Moment and Thrust (Panel Point 

No. 2) 
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Table 15. — Influence Line Obdinatbs for Moment and Thrust (Pan=l Point 

No. 4) 





















X= 840" 
u= 136' 
e =< 0512 
© 0.409 

P = UO 

:y-Yx-P 

9+Y sin 6 










Sec. 9-21] 


ANAfAShS OF FIXED ABC TIES 
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Table 18. — Ixpluencb Line Ordinates for Moment and Thrust (Panel Poin'^ 

No. 7) 
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26. — Moments and Thbusts at Panel Point 6 
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Table 28. — ^IVIoments and Thrusts at Panel Point 8 
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SECTION 10 


ANALYSIS OF TWO-HINGED ARCHES 

By C. B. McCullough 


The method of analysis described in Section 9 applies to two-hinged 
arches. Consider the two-hinged rib arch span shown in Fig. 1 on folding 
page. To simplify the analysis, the rib has been considered as having a 
constant moment of inertia from end to end. It is apparent that a like 
method of analysis would suffice were the rib section of varying dimension. 

From Fig. 1, it is seen that there will be one redundant reaction 
component which for convenience, we will assume as being the horizontal 
component at the left skewbaek. 

Equation (102) of p. 444 may be written for this redundant as follows: 


+ Atx + At'x 2ra:Ar = ^ 


Nofixds 


+s 


Momxds 


AE ' ^ El 


+ 


■j + Sn»c/ds + {ct'ds) 


AE ' El 

It will be noted that the residual span is not a cantilever as in the case 
of the fixed arch span, but a simple beam. 



If we assume the hinges to be supported on rigid and unyielding shoes, 
which is nearly always the case in construction of this kind, the entire 
left-hand member of the above equation vanishes and we can greatly 
simplify the analysis. 

From Fig. 2, it is at once observed that 

Tlx = COS a 

mx = y . 

ds cos a dx 
48S 
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The expression 
then be written 


in the brackets in the above 



dx cos a 
AE 



general equation may 


Designating the above term for the present by the letter D, we may 
write an expression for the redundant X (separating the effects of gravity 
loadings, temperature, etc.) as follows: 

For gravity loading 

S Nodx -^Moyds 

AE El 

A = 



<r 

& 

point la'-: 




<— > 


> <- dx^ — > 


K o — 


-6 H 


Mg [Moment at point g due to unit loads shown] 
=/ i-^3 - -f Y 


Z. mg [the summation of moments atthe aboue toad 
points due to a unit loaded pointy] 

-£■[ 7.^) 


/, Mg = Sn^ 


Fig. 3. 


Nodx 

Except for very fiat arches, we may neglect the term S * without 

material error. This will be done in this case. Also we may write for a 
unit load at any point g 

Mo — rrig 


Whence, for a unit load at any point g 


Xa 


V ds 

D 


Before going further, it is necessary to demonstrate a simple rela- 
tionship governing loads on any simple beam as follows: 

Consider the simple beam shown in Fig. 3 and let the same be divided 
into any given number of linear increments dx. 

Let Mg represent the moment at any point g due to a series of unit 
loads one at the center of each dx division. 

Let Znig represent the summation of the moments at the center of 
each dx division caused by a unit load applied at point g. 

From Fig. 3, it is easily seen that 

^TYlg = Mg 



Sec. 10] 


ANALYSIS OF TWO-HINOED ARCHES 


485 


It should now be clear that Sm^ ■ ^ represents the moment at the 

given point g caused by the application of a system of loads Gy = ^ 

El 

at the center of each ds division of the arch rib. 

It is therefore apparent that if the loads ^ be laid off on a 

vertical load line with pole distance D = the equilib- 

rium polygon plotted therefrom will be the influence line for the redun- 
dant X. 

Pursuant to the above, the arch rib is now divided into equal linear 
elements ds (in this case ds = 120 in. except for the spring line elements 

which are 156 in. in length) . The elastic loads G = ^ are next computed 

'lJUS 

and also the terms Gy = These loads are now laid off on a vertical 
load line, as shown in Fig. 1. 

The polo distance D is next calculated, the work being tabulated 
below as follows: 


Calcui.atiok oil’ Elastic Loads and Pole Distance D 
(E Assumed = 29) 


Divinion | 

number 

1 

V 

11 

Oy^ 

dx cos ofi 

1 

54 

0.0041 

0.22 

0.72 

2 

144 

0.0083 

1.20 

0.70 

3 

221 

0.0127 

2.81 

0.76 

4 

280 

0.0164 

4.68 

0.84 

5 

348 

0.0200 

6.96 

0.92 

6 

398 

0.0229 

9.12 

0.98 

7 

443 

0.0254 

11.20 

1.04 

8 

47() 

0.0274 

13.00 

1.10 

D 

503 

0.0288 

14.50 

1.14 

10 

522 

0.0300 

15.70 

1.16 

11 

530 

0.0305 

16.20 

1.18 

Total 



95.59 

10.44 

V 

! (For entire span) 

j 

191.18 

20.88 


1 This term may also ixs determined graphically as shown in Pig. 16, on folding page. 


The area A for the arch rib in question (see Fig. 1) is 63 sq. in. 
pole distance D is therefore 


The 


191.18 + 


20.88 


= 192.75 


(29) (63) 

With this pole distance (divided by 500 for convenience in plotting) , 
the equilibrium polygon is constructed for the loads Gy. The ordinate 
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to this polygon intercepted by the vertical through any point g measures 
to the scale of the rib diagram the term 

^TYigyds 


^ El 
D 500 


= 500X. 


The area included between this equilibrium polygon and its closing 
line is, therefore, the influence line for the redundant X with a factor 
of 500. 

The influence line for the redundant X thus determined, it now 
remains to construct influence lines for the moments, thrusts, shears 
and fiber stresses at the various points along the rib. 

As discussed in the section on three-hinged arch design, the fiber 
stress at the extreme intradosal, or extreme extradosal fiber is not a linear 
function of the moment at the neutral axis, on account of the effect of 
the direct axial thrust. This fiber stress is, however, a direct linear 
function of the moment about the ^^kernal” point corresponding to the 
fiber stress in question. 

Proceeding therefore, as in the case of the three-hinged rib arch, we. 
may lay off the point fci whose distance helow the neutral axis is equal 

y.2 

to the quantity — , and also the kernal point k 2 whose distance above the 

Ce 

neutral axis is equal to the quantity — . In the above, the term r repre- 

e% 


sents the radius of gyration 



of the rib section, ee the distance 


from the neutral axis to the extreme extradosal fiber, and Ct that to the 
extreme intradosal fiber. 

As in the chapter on three-hinged arches, we may at once prove that 




It is only necessary, therefore, to plot influence lines for moments 
about the two kernal” points on any given section, as these are obviously 
identical in form with the influence lines for fiber stress at the section in 
question. 

Consider first the section 5-6 (Fig. Id) and let h and fc 2 be the two 
‘^kernal” points. 

Considering first the intradosal kernal point /C 2 whose ordinate 
measured from the horizontal through X is equal to 

The total moment Mk^ at this point is given by the expression 

Mt, = M,- Xyt = - z) 
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In an exactly similar manner, the moment about the kemal point ki 
is given by the expression 

= Mo - Xyi = yi - x) 

Therefore, if the moment lines and ~~ are simply superimposed 

upon the X influence line, the area representing the difference between 
these two areas (the shaded area Fig. 1) is the influence line for the 
desired moment at the kernal point. 

I or example, in Fig. le, the X line is replotted from Fig. Ic and (to 

the same scale) the influence line — - is superimposed thereon. 

1/2 


1/2 


is proportional to the moment on a simple beam of span L and is 

fully determined by plotting the distance b'b"' equal to y and 

drawing the lines aV" and b"'d'. 

The shaded area, therefore, measures to the scale of the arch drawing 
the term 

Mo 

1/2 yn 

In an exactly similar manner W” is laid off equal to 

® (2/i) 

Jl\f 

and the line - plotted. 

1/1 

The area between this line and the X line measures the term 






It is apparent that the X line, once it is plotted, may be used as a 

Mn 

base upon which to superimpose the — ^ lines for any section of the rib, 

y 

and thus determine influence lines for fiber stresses at every point desired. 
In this case, the kernal points for every point on the rib will lie on 

two curves parallel to the neutral axis, since — is constant for every 

6 


section. Should the depth or the moment of inertia vary from point to 
point, the kerrial points must be located for each section investigated. 

The above influence lines completely cover the effect of both bending 
moment and axial thrust; it only remains to investigate the effect of 
shearing forces on the rib. 

These stresses are generally of comparatively slight importance as 
the axial stresses are very nearly normal to the rib. 
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If desired, however, the shear influence line for any section (as for 
example section b-i) may be plotted as follows: 

If we designate the total tangential force or shear on this section by 
the term J, and if Jo represents the corresponding shear at this same 
section considering only the residual simple span, we may at once write 

J = Jo + X sin OL = — h xl sin a 

“ Lsm a J 

where a is the angle made by the arch axis at section h-b with the 
horizontal. 

Noting that Jo is negative for loads to the left of section b-b, the 
shear line may be plotted at once, as shown in Fig. 1/. 

It will be observed that for a load just to the right of section b-b, Jo 

= (left reaction) cos a = a and ^ cot a. For 

a load just to the left of this section, the beam shear Jo is equal to 

- cos a), and the term cot a). The lines a'V" and 

d"'d''‘ are therefore made, to scale, equal to the quantity cot a, as shown in 
the figure. 

This completes the analysis of stresses at section b-b] any other a(!ction 
can obviously be investigated in like manner. 

Temperature Effects . — ^The horizontal thrust Xt due to temperature 
effects only, may be written at once from the general equation as follows: 
For uniform temperature changes 

Jit _ ~ 

Also for any section, as section b-b 

Mt = XtV 
Jt = Xi sin a 

In this manner, all the stresses due to a uniform temperature change 
may be readily evaluated for any given section. 

For a variable temperature change, wherein the upper and lowcir 
fibers of the rib section differ in temperature by t' degrees, 

Xt' = 

Mt' = Xt'v 
Jt — Xt sin a 

These last stresses may therefore, be evaluated in much the same 
manner as for a uniform temperature change. 

The effect of the axial compression “rib shortening” may be taken 
care of as an equivalent temperature drop exactly as explained for the 
fixed arch. 



INDEX 


A 

Allof!:hcny, Pa., Davis Avenue bridge, 287 
American Bridge Co,, 356 
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application of formulas, 420-426 
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rib, 455-482 

deflections and panel point displace- 
ments in frames, 396-400 
derivation of expressions for internal 
work in ribs and beams, 404 
development of general elastic equa- 
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dire(d»ion of redundant forces, 426-428 
displacements and deflections in beams 
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clastic influence lines for fixed framed 
ar(5hes, 414-428 
for rib arcihes, 440-455 
(Kpiationa for rib arches, development 
of, 440-445 

fixed framed arches, analysis of, 429- 
440 

horizontal and inclined loads, 426 
laws of internal work in structural 
franu^s, 393-396 

redundant for(.‘Cs in a fixed framed 
arch, 4{)8 

influence diagrams, graplucal solu- 
tion for, 449 
residual frames, 409-411 
simplifuiation of clastic equations, 
414-420 

stresses duo to ril) shortening or axial 
thrust, 453 

symmeirical artdi ribs, 454 
spans, analysis of, 439 
temi)erature ehangi^s in rib arcdies, 450 
tlicorcms relating to intc^rnal work in 
ribs and franu's, 393 407 
unsymmetrical spans, analysis of, 429- 
439 

work expressions for solid web lieams 
and cantilevers, 4()()-4()0 


Analysis of three-hinged arch bridges, 
375-392 

of two-hinged arches, 483-488 
Anchor arm lateral system, 78 
columns on bascule piers, 65 
Anchorages for cantilever bridges, 275 
for suspension bridges, 335 
Arch bridges, 359-374 
three-hinged, 375-392 
Arch frames, elastic equations for, 407- 
414 

Arched cantilever bridges, 285 
Arches, analysis of fixed, 393-482 

B 

Balance requirements of bascule bridges 
39-43 

Balancing span of bascule bridge, 104 
Bascule bridges, 1-157 
designs and types, 1-29 
foundations for spans, 68-73 
operating machinery, 124-157 
selection of type, 29-38 
structural design complete,. 73-123 
superstructure design and erection 
problems, 38-58 

Bascule superstructure design and erec- 
tion problems, 38-58 
balance requirements, 39-43 
counterweights, 51 
dead load stresses, 46-47 
design specifications, 57 
erection features to be considered in 
design, 49 
floor design, 48 
live load stresses, 43-46 
wind load stresses, 47 
Beams, solid web, work expressions for, 
400-406 

Bearings for pinion shaft on bascule 
bridge, 152 

for vertical lift bridges, 178 
Beaver, Pa,, bridge, 262, 274, 275, 277, 
280, 281, 284 
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Braced-chain suspension bridges, 321 
Brakes, hand, on bascule bridge, 154 
Breslau, Oder river bridge, 326, 327 
Bridges, bascule, 1-157 
cantilever, 256-288 

cited, see name of city or country or 
river. 

continuous, 199-255 
steel arch, general, 359-374 
suspension, 289-358 
swing, 180-198 
three-hinged arch, 375-392 
vertical lift, 158-179 
British Columbia, C, N. P. railway 
bridge, 171 
Brown bascxile, 27 

Budapest, Elizabeth bridge, 325, 357 
Buffer blocks, 78 

Buffers for vertical lift bridges, 174 
in bascule piers, 65 
Bushings for vertical lift bridges, 178 

G 

Cable, for suspension bridges, 289-294 
Cable lift bascules, 8-15 
curved track and rolling counter- 
weight, 13 

sectional counterweights, 13 
spiral counterweight drums, 10 
Cable spinning, for suspension bridges, 
352 

Cables for vertical lift bridges, 174, 178 
California, Red Rock bridge, 274, 288 
Cantilever bridges, 256-288 
anchorages, 275 
arched type, 285 

compared with continuous bridges, 256 
computation for moments and shears, 
262-269 

conditions of statical determination, 
257 

economical ratio of span lengths, 283 

economy, 281 

erection adjustments, 270 

esthetic considerations, 288 

examples, 261 

lateral systems, 279 

quantities in spans, 284 

reactions for indeterminate type, 269 

relative rigidity, 283 

span lengths, 284 


Cantilever lu’idgt^s, statically dt'termimite 
type, 257 

stringer expansion l>tMiringH, 280 
CantiU^vor walks for xa^rt ical lift britlgt‘a, 
174 

Catenary of suspension 1)ridges, 293 
Center-hearing swing bridges, ISO 196 
lock inechanisru, M4 
shafting, for l>ascule l^ridge, 149 
of gravity of bascule l>ridg<% 106 
Chicago Bascuh^ Britlge <k)., 73 
Chicago, Btdmont Av<mue bridge*, 23 
Clybourn Avtmut^ bridgt*, 21 
Pennsylvania Railroad liri<Ig(*, 168 
South lialstead Street l)ridg<*, 158, 159, 
163 

Van Buren Str(*et bridge, 1 
Chicago type of trunnion bascule, 20 24, 
30, 38, 58 

Cincunnati, (1 N. O. Railway bridg(*, 202, 
217 

Newport bridge, 272 
Clifton bridge, 357 
Cologne, Rhine River bridgt*, 326 
Columns on main gird(*r of bascule 
highway bridge, 100 

Concrete, amounts needtul to balantas 
bascules, 56 

Continuous bridges, 199 -255 
advantages, 199 

Allegheny River bridge*, 211 214 

C. N. O. bridge at ( 'intannati, 202, 217 
comparison ot tdastitt t^tirves for diOer- 
ent iissumptions, 234 
with cantilever britiges, 256 
conditions favorable ftir, 201 
dead load stn^sses, 237 
design and eretition, 199 
economic comparistmH with simple 
spans, 199 
economy of, 200 
elastic curve, 218 
for a continuous truss, 230 
for three-span bridgt*, 237 
for variable I, 226 

fixed points in continutnis H|)arm, 250 
history of, 202 

influence diagram for lamtUng mo- 
ments, 220 

for continuous trusH<*s, 236 

for shears, 222 

for three-span typts 244 
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Continuous bridges, live load stresses, 
236 

loading placement, rules for, 252 
method of double influence lines, 246 
moments and shears for two unequal 
spans, 225 

multiple-span continuous girders, 249 
Nelson River bridge, 214r-217 
number of spans, 201 
prejudices against, 200 
proportions, economic, 201 
reactions for two continuous spans, 225 
settlement of supports, 253 
stresses, 218 

symmetrical three-span continuous 
girders, 241 
three-span, 237, 249 
triangular variation of I, 227 
two equal spans, 223 
unequal spans, 223 
See also Sciotoville bridge. 

Cost of bascule and swing bridges, 5-8 
Counterweight calculations for a bascule 
highway bridge, 104 
pits, 64 

Counterweights for vertical lift bridges, 
173 

in bascules, 51 
Cowing bascule, 27 
Crib vs. sheet piling, 69 
Cumberland river bridge, 356 
Curved track and rolling counterweight 
type of bascule, 13 

D 

Dead load stresses in counterweight arm, 
on bascule bridge, 86 
on bascule bridges, 46-47, 91 
Dead loads, calculation for bascule high- 
way bridge, 83 
on bascule foundations, 59 
Deck span vs. through bascules, 33-37 
Deflection sheaves for vertical lift 
bridges, 178 

Deflections in beams and ribs, 406 
in structural frames, 396-400 
Designs and types of bascule bridges, 
1-29 

adajptability to wide roadways, 3 
advantages, 1 
Brown bascule, 27 


Designs and types of bascule bridge 
cable Lift type, 8-15 
Chicago type, 20-24, 30, 38, 58 
collisions with river craft, 5 
comparison with vertical lift, 5 
Cowing type, 27 
duration of opening, 2 
early types, 1 

economy, compared with swing typi 
5—8 

Page and Schnabel type, 27 
patented types, 28-29 
pier considerations, 2 
rapidity of operation, 1 
roller lift type, 15 
safety to land traffic, 4 
semi-lift bascule spans, 25 
Strauss type, 24 
trunnion type, 19 

Waddell and Harrington type, 27 
Displacements in beams and ribs, 406 
in structural frames, 396-400 
Double leaf bascule vs. single, 30-33 
Drums for operating vertical lift bridge; 
178 

E 

Economy of bascule bridges vs. swin 
type, 5-8 

Elastic curve in continuous bridges, 21 
equations for arch frames or trussei 
407-414 

Ellis, C. A., on Swing bridges, 180-19S 
Elongation of cable in suspension bridge 
296 

England, Britannia bridge, 202 
Bryne bridge, 202 
Forksey bridge, 202 
Equalizers for vertical lift bridges, 174 
Equations for arch frames or trusses 
407-414 

Erection adjustments of cantilevc 
bridges, 270 

features in design of bascules, 49 
problems in bascule bridges; 38-58 
Ericson, J., 21 

F 

Fenders on bascule piers, 71 
Fixed arches, analysis of, 393-482 
framed arches, analysis of, 429-440 
elastic influence lines for, 414-428 
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Memphis bridge, 285 
Mexico, Arroya del Chico railroad bridge, 
285, 287 

Mississippi river, Thebes bridge, 279, 285 
Moments, computation for, in cantilever 
bridges, 262-269 
in swing bridges, 191 
Montreal, Lachine bridge, 202 
Motor power for center lock, on bascule 
bridge, 145 

Murray, S., comment on economy of 
bascule and swing bridges, 7 
originator of type of bascule, 10 

N 

Negative shear, in swing bridges, 187 
Nelson river continuous bridge, 214-217 
New Brunswick, Can., St. John and 
Quebec railway bridge, 172 
New York City, Brooklyn bridge, 328, 
333, 350, 352 

Manhattan bridge, 327, 328, 333, 348, 
349, 352, 353, 355, 357 
Queensboro bridge, 261 
Riverside Drive viaduct, 287 
Williamsburg bridge, 327, 328, 333, 
347, 352, 353 

0 

Operating machinery of bascule bridges, 
124-157 

l)earings for main pinion shaft, 152 
center lock mechanism, 144 
shafting, 149 
data for problem 124 
friction on trunnions, 125 
frictional resistance, 127 
gear design, 129, 135 
gearing for center lock drive, 150 
hand brakes, 154 
operating mechanism, 143 
inertia of moving mass, 126 
keys for shaft, 143 
machinery layout, 133 
main trunnions, 152 
motor power for center lock, 145 
pin in crank, 149 
rack and main drive pinion, 128 
shafting, design of, 140 
starting force at rack circle, 126 


Operating machinery of bascule bridges, 
tangential force at rock circle, 128 
wind pressure, 125 ' 
resistance, 127 

Operating machinery on vertical lift 
bridges, 175 . 

Operation of swing span and bascule 
bridges, 1 

Operator’s houses, 69, 175 
Oregon City, Ore., Willamette River 
bridge, 364, 368, 455 
Ottawa, Inter-provincial bridge, 279 
Overhead counterweight type of bascule, 
24 


Page bascule bridge piers, 37 
Peterson, I. C., comment on Chicago 
bascule, 21 

Pier considerations for swing span and 
bascule bridges, 2 
fenders, 71 

Piers for bascule bridges, 37, 63 
Pihlfeldt, T. G., 21 
Pin in crank of bascule bridge, 149 
Pinions for vertical lift bridges, 178 
Pits, counterweight, for bascule bridges, 
64 

Pittsburgh, Allegheny River bridge, 202, 
211, 214 

Highland Park bridge, 270 
Monongahela bridge, 274, 275, 284 
Point bridge, 325 
Sewickley bridge, 274, 277, 285 
Portland, Ore., Hawthorne Avenue 
bridge, 163 

0. W. R. and N. Co.'s bridge, 167 
Positive moment, in swing bridges, 186 
shear, in swing bridges, 184 
Power for vertical lift bridges, 175, 177 
Pulver, H. E., on Vertical lift bridges, 
158-179 

R 

Rack of bascule bridge, 128 
plates on a bascule bridge, 98 
Railway traffic, adaptability of bascule 
bridges to, 3 
Rail rolling lift, 30 
type of bascule, 17, 37, 38, 53, 59 
of vertical lift span, 26, 53 
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Rapp, F. A., comment on cost of bascule 
and swing bridges, 7 
on duration of opening of draw bridges, 
2 

Reaction displacements in structural 
frames, 399 

Redundant forces in a fixed framed arch, 
408 

Residual frames, 409 
Rhine River bridge, Mainz, 374 
Rib arches, elastic influence lines for, 
446-455 

equations for, 440-445 
Rim-bearing swing bridges, 196-198 
Robinson, H. D., 355 
Roller lift bascules, 15-19 
Rail type, 17 
Scherzer type, 15 
Rope strand cables, 347 
Roumania, Danube River bridge at 
Cernavoda, 285 

Russia, Don River bridge, Rostoff, 172 


Salamanca, N. Y., cantilever bridge, 281 
Scherzer rolling bascule bridge, 1, 30, 
37, 38, 59 

Rolling lift Bridge Company, 15 
Sciotoville bridge, 200, 201, 202-211, 232, 
234, 236, 237, 252-255 
Scotland, Forth bridge, 259, 260, 288 
Seattle, Eastlake Avenue bridge, 61 
Sectional counterweight type of bascule, 
13 

Selection of type of bascule bridges, 
29-38 

arrangement of piers, 37 
relative merits, 38 
single vs. double leaf, 29-33 
through vs. deck spans, 33-37 
Sellwood, Ore., bridge, 374 
Semi-lift bascule spans, 25 
Shafting for bascule bridges, 140 
Shear in panels, of swing bridges, 188 
lock stresses on a bascule bridge, 89 
Shears, computation for, in cantilever 
bridges, 262-269 

Sheaves for vertical lift bridges, 174 
Sheet pile vs. crib, 69 
Single leaf bascule vs, double, 29-33 
Specifications for design of bascules, 57 


Spiral counterweight drunas, 10 
Steel arch bridges, 359-374 
braced rib arches, 360 
classification and types, 359 
erection, 364 

fixed or hingeless type, 362 
loadings, 363 

location of crown hinge, 372 
merits of types, 362 
shape of arch, 368 
single hinge type, 362 
solid rib arches, 360 
spandrel braced arches, 361 
temperature stresses, 371 
three-hinged type, 362 
tied arches, 373 
two-hinged type, 362 
Steel, volume of, in bascule bridge, 106 
Steinman, D. B., on Continuous bridges, 
199-255 

on Suspension bridges, 289-358 
Strauss Bascule Bridge Company, 20, 
23, 24, 27 

type of bascule, 24-25, 30, 37, 38, 53, 
58 

vertical lift, 30 
Stresses in a swing span, 182 
in continuous bridges, 218 
on bascule highway bridge, 76 
Stringer expansion bearings, 280 
Stringers and floor beams for bascule 
highway bridge, 79, 99 
Strobel Steel Construction Company, 
15, 17, 26 

Structural design of bascule highway 
bridge, 73-123 

anchor arm lateral system, 78 
balancing span, 104 
brackets, 98 
buffer blocks, 78 
calculation of dead loads, 83 
center of gravity of entire leaf, 106 
columns on main girder, 100 
counterweight calculations, 104 
counterweights, 78 
dead load stresses, 91 
in counterweight arm, 86 
description of problem, 73 
dimensions, 75 
floor slab, 99 
system, 79 
grillage braces, 103 
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Structural design of bascule highway 
bridge, impact, 75 
impact stresses, 92 
lateral system, 93 
live load stress diagrams, 88 
loads, 75 

main trunnion girder, 101 
truss members, 81 
rack plates, 98 
shear at center, 76 
lock stresses, 89 
shoe, 98 

stresses, permissible, 76 
stringers, 99 

volume occupied by structural steel, 
106 

wind load stresses, 92 
Structural frames, displacements in, 396- 
400 

law's of internal work in, 393-396 
Superstructure design of bascule bridges, 
38-58 

Suspension bridges, 289-358 
anchorages, design of, 333 
bending moments in side spans, 338 
braced chain type, 321 
cable, 289-294 
diameter, calculation of, 346 
wire, calculation of, 346 
wrapping, 355 

calculations for tw'o-hinged type, 335 
of stresses in tower, 345 
catenary, 293 
chain construction, 327 
construction features, 324 
deflections due to elongation of cable, 
296 

deformations, in unstiffened cable, 295 
of cable, 294 

under unsymmetrical loading, 296 
design of, 324-335 
imensions, 335 
economic proportions, 326 
erection of, 347-358 
eyebar chain type, erection of, 357 
floor system, erection of, 353 
footbridges, erection of, 349 
forces acting on towrer, 344 
hingeless stiffening truces, 315 
influence lines for stresses, 301 
momenta in stiffening tru^, for two- 
hinged type, 336 


Suspension bridge^s, movement of top of 
tower, 343 

parallel w'ire cables, 328 

rope strand cables, eitimatc of, 347 

saddles, 332 

shears in side spans, 340 
in stiffening truss, 338 
spinning of cables, 352 
stiffened, 297-302 
straight backstays, 314 
stresses, 289 

in cable, for tw'o-hinged type, 335 
in cables and towers, 2fK5 
in tow’er, calculation of, 345 
stritiging the f(X)tbridge cabh,»8, 349 
temperatsire stresses, 341 
in tw'o-hinged trusses, 313 
three-hinged stiffening trusses, 302-306 
time required for erection, 357 
towers, design of, 332, 343 
erection of. 347 
trusses, erection of, 353 
twisted wire ropes, 330 
two-hinged stiffening trusses, 306-315 
types of, 324 
unstiffened, 294 

wind stresses in bottom chords, 342 
in tower, 345 

wire rope cables, erection of, 356 
wrapping wire, calculation of, 347 
Swing bridges, 180-1^ 
center bearing, 180-196 
combinations, 194 ^ 
compared with bascule, 1 
condition of loading, 180 
dead load, bridge open, 194 
ends raised, 194 
general considerations, 180 
moments, 191, 194 
n^ative shear, 187, 193 
positive moment, 186 
shear in panel, 184 
reactions from Williot diagram, 194 
rim-bearing, 196-198 
general coiisiderations, 196 
partial continuity, 197 
sh^ in panels, 188 
stresses in a swing span, 182 
with broken loads, 192 
with continuous loads, 1^ 
Symmetrical arch ribs, 454 
sjmns, analyris ol, 439 
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Tacoma, Wash., City Waterway bridge, 
168 

Temperature changes in beams and ribs, 
406 

displacements in structural frames, 
399 

in rib arches, 450 
work due to, 403 

Three-hinged arch bridges, 375-392 
algebraic calculation of reactions, 378 
equilibrium polygons, 375 
fiber stresses in solid ribbed arch spans, 
385 

graphical analysis of stresses, 388 
influence lines for, 381 
stresses due to moving loads, 378 
wind stresses in spandrel-braced arch 
spans, 388 

Three-span continuous bridges, 237 
Through vs. deck span bascules, 33-37 
Towers of suspension bridges, 332 
of vertical lift bridges, 172 
TraflSc, safety to, over bascule bridges, 4 
Tremie seal, 66 

Trunnion girder on bascule highway 
bridge, 101 

Trunnion type bascules, 19 
heel trunnion type, 25 
overhead counterweight type,. 24 
simple or Chicago type, 20-24 
Strauss type, 24-25 
Trunnions of bascule bridge, 152 
Truss members for a bascule highway 
bridge, 82 

Two-hinged arches, analysis of, 483-488 
U 

^°®y^^®^ricaJ spans, analysis of, 429- 
V 

Vertical lift bridges, 158-179 
adaptability of types, 161 
advantages, 158 
hearings and bushings, 178 
buffers, 174 

cantilever walks and roadways, 174 


Vertical lift bridges, classification, 160 
compared with bas(ailc, 5 
coimterweiglit cables and balancing 
chains, 174 
counterweights, 173 
deflection sheaves, 178 ' 
descriptions, 163 
equalizers, 174 
gage, 175 
gates, 174 
gears, 178 
general design, 172 
guides and centering blocks, 173 
locking apparatus, 174 
machinery c<|uipincnt, 177 
house, 175 

operating cal)les, 178 
drums, 178 
machinery, 175 
operator’s house, 175 
pinions, 178 
power equipment, 177 
required, 175 
sheaves, 174 
towers, 172 

truss of the lift span, 172 
Volume of structural stool in basculo 
bridge, 106 
Von Babo, A., 23 

W 

Waddell and Harrington basculo, 27 
Waddell Company, 163 
WaddeH, J. A. L., 27, 158 
Watertight counterweight pits, 01. 64 
Wilhot diagram, 194 
Willman, E., 21 

’'ridges, 

47, 60, 92 

Work expressions for solid web beams ami 
cantilevers, 400-406 
Worthington, C., 362 
Wrapping wire, for suspension bridgos, 


Young, H. E., 21 
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